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1. INTRODUCTION

For many years, breast cancer has been the second most common disease for
women in the United States. On average, one out of seven females will be diagnosed with
breast cancer during their lifetimes. Currently, radiation therapy is still one of the most
effective treatment modalities for all stages of localized breast cancer. Especially for
early stage (T1 — T2) patients, breast conservation with lumpectomy followed by
irradiation has been very successful. At present time, the most widely used radiotherapy
technique for treating breast cancer consists of two opposed tangential photon fields.
However, this technique has three major limitations. First of all, part of the lung and heart
(in the case of the left breast treatment) may be exposed to a high radiation dose due to
tumor location, patient size or in the case of chest-wall treatment. Secondly, because of
lack of electron build-up in a photon beam, the skin surface receives a low dose. Thirdly,
the contralateral breast may receive a significant amount of scatter dose. Consequently,
irradiation-related complications such as arm edema, myocardial infarction, severe breast
fibrosis, and secondary breast cancer may occur in the patients who have undergone

conventional photon beam treatment.

The state of the art computer-controlled medical linear accelerators and multi-leaf
collimators (MLCs) have become widely available now. These, combined with newly
developed intensity modulated radiation therapy (IMRT) treatment planning systems
(TPS), provide significant improvement in the delivery and control of external beam
radiation through beam-intensity modulation. Although the photon beam IMRT is a
powerful tool for treating the tumors that extend deeply into tissue below the skin
surface, it is not suitable for treating very shallow targets like breast cancers due to the
low surface doses and large depth of photon beam penetration. For photon beam IMRT,
the slow attenuation of photon beams can still deliver a significant dose to the critical
structures that are far from the target. Thus, using photon beam IMRT, the problem one

above may be significantly improved, but problem two will remain, and problem three




may become more serious as treatment time increases with the number of segments and

fields used (increase leakage or scattering dose).

A promising alternative approach is modulated electron radiation therapy (MERT)
(1, 2). The rapid dose falloff of electron beams makes electron therapy an attractive
treatment modality for some shallow targets like breast cancers. In addition, compared to
photon beams, electron beams have negligible scatter radiation. Furthermore, because
MERT mainly uses normal incident electron beams, it is less affected by patient’s
respiration as compared with tangential photon beams. Conceptually, each MERT plan
consists of multiple ports (gantry angles) with different electron energies (energy
modulation) and optimized beam intensity (intensity modulation). Dose conformity in the
depth direction may be achieved by electron energy modulation, which is unique to
MERT. Dose conformity and uniformity in the lateral direction may be achieved by
intensity modulation using an electron-specific MLC (EMLC). Through both intensity
and energy modulations, MERT is capable of delivering highly conformal doses to
targets with complex shapes and of sparing surrounding normal tissue, particularly, the
distal critical structures. Thus, it is expected that with MERT, problem one may be
significantly improved and problems two and three can be completely eliminated due to

the nature of electron beams.

However, because of severe electron in-air scattering, the conventional photon
beam MLC (PMLC) is not suitable for the delivery of MERT plans. An electron beam
collimated by a PMLC has a relatively large penumbra (3) due to the location and the
thickness of the PMLC. A PMLC is normally located at a large distance (40 ~ 60 cm)
from the patient skin surface. As an example, out of the most popular medical linear
accelerators, the distance from the leaf bottom to the isocenter is 46.1 cm for Varian
CLINAC 2100C, 62.7 cm for Elekta SL 75-5, and 62.1 cm for Siemens Digital Mevatron.
When electrons travel this long distance from the PMLC to the patient skin, the beam

penumbra will be broadened and the useful sharpness of the beam edge will be smeared




out due to the extended electron source and in-air multiple scattering (4). The thickness
of a PMLC is optimized to minimize the leakage dose for photon beams (5). The leaf
thickness is 6.13 cm for Varian CLINAC 2100C, 7.5 cm for Elekta SL 75-5, and 7.6 cm
for Siemens Digital Mevatron. According to a study by Ebert and Hoban (6), the amount
of electrons scattered from the end or side of an MLC leaf is proportional to the area
irradiated by the beam. For thick leaves, large areas of leaf ends and sides will be
exposed to the electron beam, and will therefore produce a large amount of scattered

electrons into the beam, which will broaden the beam penumbra.

To deliver MERT plans effectively, we designed and manufactured a prototype
EMLC based on the results of Monte Carlo simulations and a conventional Varian 25 x
25 cm’® electron applicator (Varian Medical Systems, Palo Alto, CA). Based on the
manufacturer’s specifications of the beam production system and the EMLC design,
electron beams collimated by this EMLC were simulated for a Varian CLINAC 2100C
linear accelerator using the EGS4/BEAM code (7, 8). In addition, the EMLC was also

experimentally evaluated using various methods.

The goals of this Post-doctoral Traineeship were two-fold. The first one was to
provide the PI with a valuable opportunity to learn and apply modern radiotherapy
techniques to breast cancer treatment and to train the PI for a career as a breast cancer
research scientist and a radiation oncology physicist. The second goal was to simulate,
design, manufacture, and evaluate a prototype EMLC specifically for the delivery of

MERT plans. The project had four specific aims:

1. Design an EMLC using the Monte Carlo simulation.

The EGS4/BEAM Monte Carlo system and the source model developed in our lab (9)
were used to simulate EMLCs with various leaf materials and geometric configuration.
The optimal EMLC configuration was determined according to the clinical requirements,

which included the minimum beam penumbra, maximum beam flatness, and minimum



radiation leakage produced by the EMLC and the minimum weight, size, and

manufacturing cost of the EMLC.

2. Manufacture a prototype EMLC for MERT

A manually driven prototype EMLC was manufactured at our machine shop based on the
optimal configuration determined by the Monte Carlo simulations. A fully functional
computer-controlled EMLC was beyond the scope of this project due to its technical

complexity, manufacturing cost, and time requirement.

3. Develop special software required for the use of EMLC

Monte Carlo simulated electron pencil beams collimated by the EMLC was incorporated
into the inverse treatment planning process. An existing photon leaf sequence algorithm
was modified specifically for the EMLC. The EMLC was modeled and incorporated into
our multiple-source beam model for Monte Carlo simulation. The final dose delivered

using the EMLC for the optimized plan was calculated using the Monte Carlo method.

4. Evaluate the functionality of the EMLC
Extensive .experimental measurements were performed using the developed EMLC
prototype to evaluate its functionality and check whether it met design specifications. The
experiments were performed using file dosimetry, ion chambers, TLD, diode detectors,
and the beam imaging system (BIS) (10).

In this report, I will summarize the highlights of my training and research as
originally proposed in the Postdoctoral Traineeship application by Dr. Steve B. Jiang
(original PI).

2. BODY

Training
The Department of Radiation Oncology at Stanford University School of Medicine
has established a comprehensive postdoctoral training program in radiation oncology

physics since 1996. A unique feature of this program is that it emphasizes not only the



cutting-edge research covering radiation therapy, computer simulation and modeling,
image processing, molecular imaging, and image-guided radiation therapy, but also
provides extensive clinical training to its postdoctoral fellows, ranging from the
conventional 3D-conformal radiation therapy (3D-CRT) to the state of the art intensity
modulated radiation therapy (IMRT) and frameless radiosurgery such as CyberKnife.
Under the leadership of Dr. Arthur L. Boyer, the Director of the Radiation Physics
Division, this program has become one of the best postdoctoral training programs in
radiation physics in the United States. So far, all graduates from this program have
successfully found academic positions in radiation oncology departments across the
Unites States. Each year, the Department of Radiation Oncology at Stanford University
offered two courses to its radiation oncology residents and postdoctoral fellows: the
Physics of Radiation Therapy and Radiobiology. These are the most important courses
for ABR certification examination for radiation oncologists and radiation oncology

physicists. Both courses were one-semester long and covered the major aspects of

. radiation therapy and radiobiology with emphasis on the practical details. The courses

also covered some of the hot topics such as gene therapy, molecular imaging, and image-
guided radiation therapy. In addition, I also attended the weekly Cancer Education
Seminar Series hosted by Stanford University School of Medicine, in which leading
cancer researchers and clinicians presented their research results. In order to learn more
advanced radiation therapy techniques, I also attended some of the important professional
conferences and meetings. These include the 2001 ASTRO Annual Meeting in San
Francisco, 2003 AAPM Annual Meeting in San Diego, and the 7" International
Symposium on 3D-DRT and IMRT in San Francisco.

The Department of Radiation Oncology also held its annual IMRT Symposium
and AcQSim Symposium, which all postdoctoral fellows were required to attend.
AcQSim is a software package for optimizing CT-based localization and treatment
planning. The Department of Radiation Oncology also had weekly clinical radiation

physics seminars, in which guess speakers, faculty, and postdoctoral fellows presented



their research results. Under the direct guidance of Dr. Arthur L. Boyer, I have learned
the basic theories of Monte Carlo simulation, modulated electron radiation therapy
(MERT), intensity modulated radiation therapy (IMRT), and sweeping window arc
therapy (SWAT). I have also learned IMRT treatment planning, X-Knife RT-2 treatment
planning, CyberKnife Stereotactic Radiosurgery treatment planning, and HDR
brachytherapy treatment planning. Additionally, I have also learned how to operate
Varian CLINAC linear accelerators, Marconi CT scanner, and Wellhofer dosimetry data
acquisition system. Furthermore, I have also had opportunities to learn film dosimetry
and to participate in the commissioning of radiation treatment planning systems (TPS) for
IMRT treatment. As an important part of my postdoctoral training, I was also assigned

clinical duties such as IMRT treatment planning, chart check, and machine QA.

Research

Recently, MERT has been exploited extensively for breast cancer treatment. In
this technique, the electron beam intensity pattern, energy, and incident direction are
optimized to deliver the optimal radiation dose to the target. This technique requires a
proper beam-shaping device for the intensity-modulated beam delivery. We proposed to
develop an EMLC specifically MERT. The EMLC will be located near the patient's skin
and have much thinner leaves, and optimal shape of leaf ends and sides. We hypothesize
that the quality of the electron beams and thus, the clinical effect of the MERT will be
further improved if we shape the electron beams using the EMLC instead of using the
conventional photon MLC since the photon MLC was designed and optimized

specifically for photon beams, not for electron beams.

1. Design an EMLC using the Monte Carlo simulation

An essential requirement for MERT is to deliver, both accurately and efficiently,
small-field electron beams (beamlets) of different energies and intensities. Traditionally,
electron beams are shaped using a cutout and different energies at treatment depths may

be achieved using variable incident energies. However, it would be very time consuming



to make cutouts for MERT beam delivery and the treatment time would become
unacceptably long for routine clinical applications. Bolus can be used for missing tissue
compensation and/or limited depth modulation. However, 3D bolus requires sophisticated
techniques to build and it does not provide intensity modulation. As to the existing
photon MLC (PMLC), although electron beam collimation can be achieved in some
helium-filled scanned beam systems (11-14), there are some key limitations on accurate
beam delivery with commonly accessible clinical accelerators. It has been found that a
source to surface distance (SSD) of 70 cm is necessary to provide a clinically acceptable
field using the PMLC in a Varian CLINAC 2100C linear accelerator. Beams collimated
by a PMLC were found to be inferior to applicator fields in penumbra and uniformity.
Monte Carlo simulations showed that the beam penumbra can be reduced significantly by
either replacing the treatment head air with helium, together with a helium filled balloon
between the accelerator and the patient skin or moving the MLC at least 11 cm towards
the patient, or both (14). According to accelerator engineers, however, it is extremely
difficult (if not impossible) to replace the air in an accelerator head with helium without
major changes in the accelerator design. Therefore, an electron specific MLC has been
proposed, which is located at the same level as a Cerrobend cutout, about 40 cm closer to
the patient than the PMLC (15). An EMLC will be as accurate as a cutout in field shaping
and as efficient as a PMLC for intensity modulation. It is generally believed that one of
the reasons for the low use of electron beams in small cancer clinics is the extra
manpower required to make customized cutouts for every patient. If so, the development
of an EMLC will not only meet the needs for MERT, but also provide an efficient and

effective device for beam shaping for conventional electron therapy.

We have performed extensive Monte Carlo simulations of electron fields
collimated by 1.0 cm wide leaves to study the effect of material type and leaf thickness.
Monte Carlo simulations were carried out on a cluster of 22 Pentium Pro CPUs (200
MHz) and 10 Pentium III CPUs (450 MHz), all running EGS4/BEAM, MCDOSE, and

their utilities under the Linux operating system. Although the beam penumbral widths did
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not change significantly for leaf thickness smaller than 2.0 cm, the beam intensity outside

the field was affected by the leaf thickness and the atomic number of the leaf material.
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Figure 1. Monte Carlo simulated electron (top) and photon (bottom) planar fluence
in the penumbral region and outside the treatment field for a 20 MeV electron beam

collimated by an EMLC of different leaf materials and thicknesses.
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As shown in Figure 1, for a 20 MeV electron beam, 1.5 cm thick zinc leaves
reduced the electron fluence outside the field to about 5% of the central axis value. These
electrons were mainly generated by the bremsstrahlung photons in the MLC leaves. This
was confirmed by the photon fluence as shown, where 1.5 cm zinc MLC leaves resulted
in about 60% higher photon fluence outside the field compared to the central axis photon
fluence. Some electrons were also scattered off the leaf ends and by air. For 1.5 cm
copper, 1.5 cm lead, and 2.0 cm steel, the electron fluence was about 2.5% of the central
axis value. The electron fluence was reduced to about 1.5% if the leaves were made of
1.5 cm tungsten. This was reflected by the 30% less photon fluence under the tungsten
MLC leaves compared to the central axis photon fluence. Clearly, tungsten is superior to
other materials in terms of leaf leakage. If we increased the tungsten leaf thickness to 2.0
cm, the electron fluence would be reduced to less than 1% of the central axis value and

the photon leakage would be reduced to about 50% of the central axis value (not shown).

To study the overall effect of the leaf leakage, leaf scattering, air scattering, and
the extended source in an electron beam, we compared the dose distributions for single

fields and multiple abutting fields collimated by an electron MLC with 1.5 cm thick

tungsten leaves. We compared the Monte Carlo calculated dose distributions for a single

4 cm x 4 cm electron field and a multiple abutting field of the same size formed by four 1
cm x 4 cm electron fields (15). For a 20 MeV electron beam, the dose at the phantom
surface for the abutting field shows about 4% fluctuation compared to a single electron
field. This is potentially due to the effect of leaf shape and extended source. The dose
outside the field for the abutting field is about 3 times higher than that for the single field,
which is mainly caused by the leaf leakage due to the longer beam-on time to deliver the
four 1 cm x 4 cm fields and electron scattering off the leaf ends. This increased leakage is
comparable to that for photon IMRT, where the beam-on time is generally 3 ~ 5 times
longer than a conventional photon treatment. The dose at 3.0 cm depth shows little
difference between the abutting field and the single field except for the dose near the field

edges and outside the field. For a 6 MeV electron beam, the dose at the phantom surface
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for the abutting field is almost the same as that for the single field. The effect of leaf
leakage is very small for a 6 MeV beam and the dose immediately outside the field is
thought mainly due to the effect of electron scattering in the air. It seems that field
abutting with 1.0 cm beamlets collimated by an electron MLC can provide adequate
beam characteristics for MERT for the beam energies investigated. However, the dose
outside the field needs to be minimized through beam energy and leaf sequence

optimization.

We have also studied electron beam collimation using a photon MLC (16). One of
the advantages of using a photon MLC is the possibility of easily combining both photon
and electron beams in the same plan. An essential requirement for matching a photon
beam and an electron beam at different depths is that both beams share the same source
position. Several modifications to the design of a Varian CLINAC 2300CD accelerator

have been proposed (14), one of which was to replace the intervening air with helium.

- This could significantly reduce the effect of electron scattering in the air on the beam

penumbra. However, filling the accelerator head with helium requires major
modifications to the existing accelerator design. Also, the beam properties deteriorated
significantly for energies below 6 MeV even for helium filled treatment head based on

the results of our previous DOD project (16).

To solve this problem, we have investigated an alternative solution - a thin leaf
MLC at the electron cutout level to reduce the air scattering effect. As can be seen in
Figure 2, the unfocused PMLC leaf ends could scatter the electrons very significantly to
degrade the beam characteristics near the field edges. The Varian MLC has rounded leaf
ends, which are expected to have similar or worse dosimetric characteristics as the
unfocused MLC studied here. Focused leaf ends could greatly improve the beam edges
and provided even slightly better dose profiles inside the field for a 20 MeV electron
beam compared to an electron MLC, primarily due to the reduction of electron scattering
in the accelerator head (helium vs. air). The dose outside the field was slightly lower for

the electron MLC than for the photon MLC. For a 6 MeV beam, an electron MLC gave
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slightly better surface dose profiles both inside and outside the field than the focused and
unfocused photon MLC (Figure 3). The difference in the dose profiles decreases with
depth (not shown). Note that in these comparisons, we have placed the phantom surface
at 20 cm below the photon MLC and 7 cm below the electron MLC to minimize the
effect of electron scattering in the air or helium between the MLC and the phantom (a fair
comparison for using both MLCs). It is evident that an electron MLC will have similar
dosimetric characteristics as a photon MLC with focused leaf ends, but without the need

to replace the air in the accelerator head with helium.
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Figure 2 Monte Carlo calculated 20 MeV, 10 cm x 10 cm

field electron beam profiles at 0.5 cm depth in water.
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Figure 3. Monte Carlo calculated 6 MeV, 10 cm x 10 cm
field electron beam profiles at 0.5 cm depth in water.

We have evaluated the Monte Carlo results using the established clinical criteria. The
three important factors are beam delivery accuracy (beam penumbra), beam delivery
efficiency (treatment time), and cost-effectiveness. An electron MLC is more accurate
than a photon MLC for MERT beam delivery. It has smaller beam penumbra for small
beamlet delivery compared to a photon MLC for the currently available clinical
accelerators such as the Varian CLINAC accelerators. A photon MLC also requires the
air in the treatment head to be replaced by helium to reduce electron scattering effects,
but it is very difficult for some accelerators if not impossible because of the accelerator
configuration. An EMLC is more efficient than electron cutouts for MERT beam
delivery. A MERT treatment will require many cutouts for a single treatment, which will
take much longer time to deliver. In the long run, the EMLC based MERT beam delivery

will be more economical than using the cutouts.
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Based on our Monte Carlo simulation results (15, 16), we designed a manually-
driven EMLC for this project. Since our primary goal was to study the EMLC physical
characteristics, the major concerns were the EMLC leaf shape and material. The

mechanical characteristics of the proposed EMLC are listed in the table below:

Leaf material | Tungsten alloy

Leaf width 0.5 cm (nominal) projected at 100 cm SSD, leaves will travel in

the x direction

Leaf length 20 cm, installed on a carriage movable along x direction

Leaf thickness | 1.5 cm

Leaf end shape | Straight edge (unfocused)

Leaf side shape | Straight edge (unfocused) and/or side surface focused to a virtual

source position.

Leaf location The bottom of the leaves will be at about 95 cm SSD

Field size Maximum 25 cm x 25 cm defined at 100 cm SSD

These parameters were determined based on our investigation results. We have
chosen a 0.5 cm leaf width because thinner leaves will not provide effective beamlet
collimation, especially for energies below 12 MeV, while wider leaves will deteriorate
spatial resolution in the y direction (across the leaves). The EMLC leaf length was chosen
to keep the overall dimension and weight low. The leaves will be installed on a movable
carriage to compensate the limited leaf travel in the x direction. The 1.5 cm thickness is
considered to be optimal for tungsten leaves in terms of leaf leakage (about 1.5% for 20
MeV electrons) and end scatter. Thicker leaves will further reduce leaf leakage, but will
degrade beamlet penumbra. Straight leaf ends will ensure minimum interleaf leakage
when a leaf pair is closed. Focused leaf sides will give slightly better beamlet penumbra
in the y direction than unfocused leaf sides. For equal leaf width projected at 100 cm

SSD, the actual leaf width will vary depending on the off-axis position. For easy
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construction (therefore low cost), the actual leaf width 'can be made the same for a
nominal 0.5 cm leaf width. The effective leaf positions in the y direction will be
determined experimentally and used in the beamlet dose calculation and treatment

optimization.

Figure 4. The EMLC placed on the top of the
last scraper A 25 x 25 electron cone

2. Manufacture a prototype EMLC for MERT delivery

Based on the above-described design, the mechanical construction of the EMLC
was done in our machine shop. We have made a prototype manually-driven EMLC to test
the Monte Carlo simulations and for the experimental work scheduled for this project
(Figure 4). The EMLC consists of 30 steel leaf pairs, which were made using
conventional steel bars for convenience and cost-effectiveness (Tungsten leaves are
difficult to machine and cost too much to built it for this project). Leaf ends and sidés are
parallel to the beam axis, i.e., unfocused. Each leaf is 0.476 cm wide (about 0.5 cm wide
projected at 100 cm SSD), 20 cm long, and 2.54 c¢m thick. The leaves were mounted on a
steel frame attached to the bottom scraper of a 25 cm x 25 cm electron applicator on a
Varian CLINAC 2100C (Varian Medical Systems, Palo Alto, CA). This was the best



possible configuration that could be achieved without modifying the electron applicator
itself. The leaves can slide in the steel frame and the leaf positions can be easily set using
a pre-cut cardboard for a beam segment. The field shape is maintained by tightening
screws from the side. The largest radiation field available using the electron MLC was
15.7 cm x 15.7 cm projected at 100 cm SSD. Since the cost of an electron applicator was
well beyond the budget of this project, Varian Medical Systems donated an electron
applicator specially used for this study. Their contributions are very important to the

development of the EMLC.

The geometry of this prototype EMLC was simulated using the BEAM system.
The simulations began with the upper phase space file and proceeded through the
remainder of the accelerator and prototype EMLC geometry. At the isocenter plane,
particles were collected into a phase space file, which was then used for dose calculation
on a homogeneous water phantom composed of 3 x 3 x 2 mm’® voxels. The goal was to
verify the accuracy of the Monte Carlo simulations, so extensive measurements were
performed. The prototype EMLC was installed onto the treatment head of a Varian
CLINAC 2100C and film (Kodak X-omat V, Eastman Kodak Company, Rochester, NY)
measurements were performed in solid water. Measurements were taken for all three
energies under study at an SSD of 100 cm (the upper surface of the solid water phantom
coincided with the isocenter plane). The film was scanned using a Vidar scanner system.
The RIT 315 software package was used to generate isodose distribution for comparison
with the simulated dose results. An appropriaté film calibration curve was created to
convert the optimal density (OD) of the film to the delivered dose. In addition, a final
BEAM simulation and dose calculation were also performed with the photon MLC as the
final electron collimation system. Again, no attempt was made to simulate the specific
number of leaves and leaf widths found in a real accelerator; instead, the leaf parameters
were adjusted such that the projected photon MLC leaf positions exactly matched the

positions of the electron MLC. These simulations were performed in a helium
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atmosphere, and the resulting dose distributions compared with the electron MLC

simulation results.

3. Develop special software required for the use of EMLC

We have developed a complete system of Monte Carlo-based inverse treatment
planning for modulated electron radiation therapy. The systém incorporates the Monte
Carlo simulated electron pencil beams into the inverse planning process. We have also
modified an exiting photon beam leaf sequence algorithm to make it suitable for MERT
plan delivery. Additionally, we have characterized the EMLC using a multiple-source
beam model for fast Monte Carlo simulation. Furthermore, we have also studied the
effect of beam delivery on optimized modulated electron radiation therapy plans in the
final dose calculation.

In the inverse treatment planning process we have developed, a key assumption is
that the dose delivered by the beamlets is not significantly different from the dose
delivered by an MLC. This is not true in reality. The problem is that beamlets are a
purely abstract concept; we can arbitrarily choose to simulate some particles and not
others. In a physical system, particles throughout the whole field are active, and the MLC
serves as an imperfect mask to select out a portion of those particles. The MLC
imperfections can take the form of scatter and leakage, which may perturb the delivered
doses. As a result, the MLC-delivered dose may differ significantly from the beamlet
predicted dose. The magnitude of this effect depends on the specific plan and leaf
configuration; as such, the effect cannot be known a priori. It is important to emphasize
that in-air electron scattering is not included as one of these delivery effects. Because the
reconstruction plane is at least several cm above the patient skin surface, any Monte
Carlo simulation must include transport of particles through the air gap. This applies for
both beamlets simulation and for simulation of the actual EMLC delivery. Thus, the in-
air scatter is already included in the beamlets calculations. This disparity between
planned and delivered dose is not limited to modulated electron therapy. Even, in photon

IMRT, beamlets do no exactly predict the dose delivered by an MLC. The most notable
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violation is the tong-and-groove effect. Delivery with an MLC imposes further
differences between planned and delivered doses. In the inverse treatment planning
system, the beamlet weight may take on any non-zero value. However, because of
practical restrictions on delivery time, these weights are typically stratified into discrete
levels. This will move the plan away from the optimized intensity map, and will likely
have an adverse impact on the dose homogeneity and conformity. In this section, I will
briefly describe the Monte Carlo-based inverse treatment planning system without

touching on the involved mathematical theory.

Based on manufacturer’s specifications of the beam production system and the
electron applicator design, the electron beams produced by a Varian CLINAC 2100C
linear accelerator and collimated by the EMLC were simulated using the EGS4/BEAM
code. Monte Carlo simulations were carried out using a group of 22 Pentium Pro CPUs
(200 MHz) and 10 Pentium III CPUs (450 MHz), all running EGS4/BEAM, MCDOSE
(23, 24), and their utilities under the Linux operating system. All simulation parameters,
such as the electron and photon energy cutoffs (ECUT and PCUT), the maximum
fractional energy loss per electron step (ESTEPE), and the number of initial electron
histories, were specified in the EGS4/BEAM input file. In this study, we used ECUT =
700 KeV and PCUT = 10 KeV, below which all remaining energy was assumed to
deposit on the spot. ESTEPE was set to 0.04. The EMLC was included in the
EGS4/BEAM simulations as an MLC component module. The number of initial electron
histories ranged from 2-30 million, depending on the electron energy. Phase space data
were scored at a plane of 100 cm SSD after the particles had transported through the linac
treatment head, the EMLC, and the air gap beneath it. The 1o statistical uncertainty in the
dose was, in general, less than 2% of the Dy, value. Based on this simulated electron
beam, the MERT plans were then created using our modified EGS4/MCDOSE and other
related codes.

The CT scans were obtained from our department’s patient database. The CT

images were acquired with the patients in supine position. During CT scanning, a
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thermoplastic facial mask with three fiducials was used for the purpose of patient
immobilization and target localization for the subsequent treatments. For each patient,
about 90 images with a slice thickness of 3.0 mm were acquired over the entire treatment
area. Each CT image had an in-plane resolution of 512 x 512 pixels, with each voxel
being 0.94 x 0.94 x 3.0 mm® in size. The CT images were transferred to an AcQSim
system (Marconi Medical Systems, Inc., Cleveland, OH) for further processing. The
clinical tumor volume (CTV) and critical structures were contoured on the axial CT
images by a radiation oncologist using the AcQsim workstation. The gross tumor volume
(GTV) was defined based on diagnostic imaging and clinical findings. It consisted of
gross primary and nodal tumors. The CTV was constructed by expanding the GTV 1.0
cm in all directions to cover microscopic extension of the tumor. The PTV was obtained
by adding a 0.5 cm margin uniformly to CTV to account for patient setup uncertainty and
organ shift. Like photon beam IMRT, any structures whose dose needed to be kept below
a certain limit or whose statistics were to.be calculated in the MERT plan had to be
contoured. Only those contoured targets and structures were considered in the plan and
included in the final statistics. In addition, in order for our MERT inverse planning
programs to work properly, all regions of interest were delineated as separate structures.
No structure overlapping was allowed for the current version of our programs. The CT
images, along with the outlined structures, were transferred to a workstation using the
DICOM 3.0 format and then converted into a format that was compatible with
EGS4/MCDOSE code so that they could be sent to our designated Monte Carlo treatment
planning machines. The final CT images used in MERT planning had an in-plane
resolution of 128 x 128 pixels with a voxel size of 0.35 x 0.35 x 0.30 cm’ that balanced
resolution with the Monte Carlo dose calculation time. Additionally, the CT numbers
were converted into mass densities and material types for Monte Carlo simulations.
Based on the CT numbers, each voxel was designated as being one of the three materials:
air, tissue or bone. This provided the approximate effective atomic numbers, cross-
sections, and stopping powers for each voxel. Figure 5 shows the simplified MERT

treatment planning flowchart.
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1. Select proper beam angles and energies

!

2. Divide each field into 1.0 x 1.0 cm®
beamlets (bixels)

'

7~

3. Monte Carlo dose kernel calculation for
all beamlets based on Varian Clinac 2100C
specifications using MCDOSE

~

v

4. Optimize beamlet intensities using
conjugate gradient search algorithm with
dose-volume constraints

"

{

5. Create leaf sequences from optimized
beamlet intensity maps

'

6. Monte Carlo dose calculation based on full
leaf geometry using MCDOSE

'

7. Reoptimize weight for each segment

!

Final MERT Plan

Figure 5. MERT treatment planning flow chart.
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To facilitate the description of the flowchart, we will use the term field to specify
each beam angle/electron energy combination and reserve the term port to indicate a
single beam orientation (gantry angle). Thus, a plan in which five electron energies are
delivered at a single gantry angle may be said to have one port and a total of five fields.
Like the photon beam IMRT, the first step in creating a MERT plan was to select a set of
suitable beam orientations, i.e., gantry angles, to fully cover the target volume while
sparing the adjacent critical structures as much as possible. Each port was then divided
into 1.0 x 1.0 cm? beamlets, i.e., the smallest beam elements for dose calculation. All
beamlets smaller than 1.0 cm x 1.0 cm at the edge of the field were rounded to 1.0 cm x
1.0 cm. This means that beam intensity within a 1.0 x 1.0 cm® beamlet would not be
further differentiated. The beamlet size was defined at the isocenter plane. The goal of
this step was to determine how many beamlets were required to simulate for each port.
The user specified the isocenter, gantry, collimator, and couch angles, the desired beamlet
size, and the dimension of the search space. A program calculated which beamlets
intersected the target and created a text file containing these beamlets and their
coordinates. This file was used by MCDOSE to pre-calculate the beamlet dose kernels.
The total number of beamlets was the sum of the beamlets over all ports. A beamlet could
be turned off, i.e., assigned a weight of zero, but continued to remain active throughout
optimization. After the selection of a proper set of beam angles, we needed to decide
which electron energies to use for each beam angle. To do so, we computed a tumor
depth map for each beam angle, whose pixel size was the same as that of a beamlet, i.e.,
1.0 x 1.0 cm® Based on the tumor depth distribution and assuming that the electrons lost
energy at about 2 MeV/cm in tissue, we were able to determine a suitable set of electron
energies for each beam angle. Since, in most of the cases, the target was not spherical in
shape, different beam angles could have different sets of electron energies. The obvious
advantage of this approach was the removal of those electron energies that contributed
less to the target dose and, thus, the reduction in the number of fields used and delivery

time.
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The next step was to calculate beamlet dose kernels using MCDOSE. The beamlet
dose kernel was the Monte Carlo calculated dose array for all structures due to a single
beamlet. Each element of the dose kernel represented the dose delivered to a dose
calculation point or voxel assuming a unit beamlet weight. These values were also
referred to as dose deposition coefficients. Thus, the purpose of this step was, given a set
of unit beamlet weights, to calculate the dose distribution in every structure that we were
interested in. To optimize beamlet weights or intensity maps, a quadratic objective
function augmented with dose-volume constraints was constructed. This was based on the
assumption that there existed a quadratic relationship between the delivered dose and the
biological effect. The overall objective function contained a linear component for each
structure. Within each structufe, each of the individual constraints contributed linearly to
the objective function. Following the construction of the objective function, the
optimization of beamlet weights was initiated. The core of the optimization procedure
was the well-known conjugate gradient search algorithm. The major advantage of the
gradient search technique was its fast convergence speed, as compared to stochastic
optimization techniques, such as simulated annealing. We believe that the gradient search
algorithm was a good choice for future routine clinical implementation of MERT. During
the optimization, care was exercised to avoid negative weights. These non-physical
results were eliminated by scaling step sizes to avoid stepping over the boundary of the

acceptable solution space and by projecting gradients onto the boundaries.

Following the beamlet weight optimization, the resulting fifteen optimized
continuous intensity maps were stratified into five discrete intensity levels in preparation
for leaf sequencing. We believe that five intensity levels provided a reasonably good
approximation to the original intensity maps. The fifteen discrete intensity maps were
then converted to fifteen step-and-shoot leaf sequences (17) based on the technique
proposed by Bortfeld et al. (18). Since the dose distribution delivered by the ideal
beamlets could be different from that delivered by the leaf sequences, a Monte Carlo dose

calculation was performed again based on the fifteen discrete intensity maps
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reconstructed from the corresponding fifteen leaf sequences. With these new dose
kernels, the leaf sequence segment weights were re-optimized. This second optimization
differed from the first one in two aspects. The first optimization was entirely based on
idealized beamlets, without considering the EMLC geometry nor the leaf scatter effect,
while the second optimization took into account not only the EMLC geometry, but also
leaf end transmission bremsstrahlung leakage. Thus, the first optimization produced the

best dose distribution possible, while the second one gave the actual delivered dose.

In the proposed planning scheme, the first optimization generates an approximate
or preliminary plan. By applying a leaf-sequencing algorithm to the beamlet weights, the
leaf positions are determined. This can be thought of as deciding in which general areas
different energies are needed, and also grouping certain sections of the fields as being
“similar” in intensity requirements. The second round of optimization leaves the leaf
positions fixed and adjusts the intensities of each segment. This optimization can, in part,
compensate for bremsstrahlung leakage. Additionally, it can improve on the results of
stratification into equal levels. After second round simulations and optimization, all leaf -
effects have been included. Thus, the resulting doses can taken to be an accurate
representation of the doses that would actually be delivered, at least insofar as the Monte
Carlo transport physics can be considered accurate. The resulting dose distributions are a
significant improvement over the single optimization plans, with leakage effects at least

partially ameliorated.

4. Evaluate the functionality of the EMLC experimentally

Ideally, the EMLC leaves should be placed in such a position that the bottom of
the leaves is as close to the patient skin as possible in order to produce a clinically
acceptable field. However, because of the existing electronic circuitry used to detect the
insertion of the electron cutout at the last scraper of a standard Varian 25 x 25 cm?
electron applicator, it was impossible to place the EMLC leaves at that position without

changing the existing electron applicator design significantly. Thus, initially, the steel
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frame of the EMLC leaves was temporarily inserted into the electron cutout mount and
the leaves were placed about 1 cm above the last scraper. This configuration resulted in a
10 cm air gap between the bottom of the EMLC leaves and the patient skin for a nominal
100 cm source-surface distance (SSD). To further lower the EMLC leaves and, thus,
reduce in-air electron scattering and the penumbra, we have now removed the entire last
scraper of the electron applicator and its electronic accessories. The EMLC frame was
placed at the bottom of the modified electron applicator and stabilized with eight screws.
This modification reduced the air gap to 5.0 cm between the bottom of the EMLC leaves
and the patient skin. Since the electronic circuitry for detecting the electron cutout was
completely removed, we were able to avoid activating interlocks associated with electron
beam accessory malfunction while inserting the EMLC assembly into the linac treatment
head. Thus, even if the linac was in the electron mode, the gantry could still be rotated,
making the delivery of MERT plans with multiple beam angles possible. Figure 6 shows
a photo of the modified EMLC inserted on the treatment head of a Varian CLINAC

2100C linear accelerator.

Figure 6 A photo of newly modified EMLC.
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Figure 7. Comparison of Monte Carlo simulations (black)

and film measurements (color).

The dosimetric characteristics of EMLC were evaluated experimentally using
various techniques. Film (Kodak X-omat V, Eastman Kodak Company, Rochester, NY)
dosimetry of the prototype EMLC was performed on a Varian CLINAC 2100C linear
accelerator. Measurements were taken at energies of 6, 12, and 20 MeV and at the
surface, 1.5 and 3.0 cm depths in a solid water phantom to evaluate the quality of the
electron beams collimated by the EMLC. The films were scanned using a VXR-12 PLUS
film digitizer (VIDAR Systems Corporation, Herndon, VA) and calibrated according to
the AAPM TG-25 recommendations. Dose distributions, flatness and symmetry, and the
extent of the beam penumbra were accessed using the RIT113 radiation therapy film
dosimetry system (Radiological Imaging Technology, Colorado Springs, CO) and
compared with the simulated dose results. Figure 7 shows the representative results of
Monte Carlo simulations vs. film measurements. Figure 8 shows the representative
results of beam imaging system (BIS) measurements. Our results showed that there was

an excellent agreement between the film measurements and the Monte Carlo simulated
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data at all electron energies in terms of dose distribution. We found that the EMLC
provided significant improvements in dose penumbras and field resolution as compared
to the photon MLC. We also found that MERT was éble to provide similar or better
target dose coverage compared with photon IMRT. However, MERT could significantly

reduce the dose to critical structures.

20 Mev 12 Mev

6 Mev

Figure 8 Representative results of beam imaging system (BIS) measurements

Note:

The original PI, Steve B. Jiang, Ph.D., left Stanford University School of Medicine in
September 2000. Stanford University, with the approval of the U.S Army Medical
Research Acquisition Activity (USAMRAA), transferred the PIship to me (Yulin Song,
Ph.D., the author of this report) on January 17, 2002. As a result, my mentor, Dr. Arthur
L. Boyer, requested the U.S. Army to extend the term of the Traineeship for one more
year without additional funds. The request was approved by the USAMRAA on March
24, 2002.
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3. KEY RESEARCH ACCOMPLISHMENTS

Established clinical criteria for MERT beam delivery: The clinical requirements for

MERT beam delivery are accuracy, efficiency, and cost-effectiveness.

Performed Monte Carlo simulations to investigate EMLC parameters: We have
investigated different materials and geometric configurations for the prototype EMLC

and compared the results with those of a photon MLC and electron cutouts.

Evaluated EMLC parameters based on the clinical criteria: We have evaluated the
Monte Carlo results based on the clinical criteria. We conclude that the EMLC is
superior to the PMLC and electron cutouts. The EMLC is more accurate (smaller
beam penumbra) than the PMLC and more efficient, and cost-effective than electron

cutouts.

Finalized the EMLC design parameters: We have finalized the EMLC design

parameters based on the optimal leaf material and geometric configuration.

Manufactured a prototype EMLC for experimental MERT beam delivery study: We
have manufactured a prototype EMLC based on the project budget and our current

linear accelerator.

Developed software for the use of EMLC: We have incorporated the Monte Carlo
simulated electron pencil beams in the inverse treatment planning process. We have
also modified a photon beam leaf-sequencing algorithm for MERT beam delivery. We
have investigated the characteristics of the EMLC using a multiple-source model for

fast Monte Carlo simulations.
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Included the effects of the EMLC in the final dose calculation: We have incorporated
the EMLC into the EGS/BEAM simulations as an MLC component module and

created MERT plans for breast cancers.

Evaluated the functionalities of the prototype EMLC: We have performed film and
BIS dosimetry to experimentally evaluate the quality of the EMLC in terms of dose
distribution, flatness, and symmetry, and the extent of the beam penumbra. We have

also measured the corresponding data for a PMLC.
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----EMPLOYMENT RECEIVED ON TRAINING SUPPORTED BY THIS POST-

DOCTORAL TRAINEEWSHIP:
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2. Yulin Song, Ph.D., Assistant Attending Physicist (Assistant professor), the
Department of Medical Physics, Memorial Sloan-Kettering Cancer Center, New

York, NY

5. CONCLUSIONS

We have successfully completed the tasks described in the “Statement of Work” in
this Post-doctoral Fellowship proposal. Based on the results of this study, we conclude
that EMLC is able to provide sufficient beam collimation for MERT and Monte Carlo
simulation provides an accurate technique for computing dose distributions from such a

beam collimation system.
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Abstract
In this study, we investigated treating parotid cancers using modulated electron

radiation therapy (MERT) and compared MERT plans with photon beam intensity-
modulated radiation therapy (IMRT) in terms of target dose coverage and normal tissue
sparing. To deliver MERT plans effectively, we developed a prototype MERT delivery
device — an electron multileaf collimator (EMLC) for routine clinical implementation of

MERT.

The prototype electron multileaf collimator was fabricated by modifying a
conventional 25 x 25 cm® electron applicator (Varian Medical Systefns, Palo Alto, CA).
Electron beams produced by a medical linear accelerator (Clinac 2100C, Varian Medical
Systems, Palo Alto, CA) and collimated by this EMLC were simulated using the
EGS4/BEAM code. The simulations were based on the manufacturer’s specifications of
the beam production system and the electron applicator design. The MERT plans with
three coplanar beams (2050, 235° and 2550) and five nominal energies (6, 9, 12, 16, 20
MeV) were created using modified EGS4/MCDOSE code. The corresponding IMRT
plans with five coplanar beams were computed using a commercial treatment planning
system (CORVUS, NOMOS Corp, Sewickley, Pennsylvania). Our preliminary data
indicated that MERT was able to provide at least similar or better target dose coverage
ahd uniformity compared with photon beam IMRT. However, MERT can significantly
reduce the dose to critical structures. In the cases we studied, the maximum doses to the
orbits, brainstem, optic chiasm, and spinal cord were reduced by 3.0, 16.2, 11.5, and 19.6
Gy, respectively, for a 50.0 Gy target dose, suggesting a distinct normal tissue sparing

advantage for MERT.




Introduction

Each year, about 70,000 new head and neck cases were diagnosed in the United
States (1) and tumors of the parotid gland are the most frequently encountered salivary
gland tumors, accounting for about 3% of total head and neck cancers (2). Currently, the
most widely used treatment is a combination of surgery and adjuvant postoperative
radiotherapy for the malignant salivary tumors (3, 4). The minimally required operation
for tumors of the parotid gland is a superficial parotidectomy with careful identification
and preservation of the facial nerve (5). The parotid gland has two lobes, a superficial
lobe and a deep lobe. Most tumors are located in the superficial lobe of the parotid gland
and can be excised easily. Retrospective studies have indicated that this combined

modality treatment can reduce the local recurrence rate by 5 - 40% (6, 7).

However, in certain situations, such as high surgical risk of damage to the facial
nerve, advanced inoperable cancers, unfavorable cosmetic outcome after surgery,v lymph
node metastases, and deep-lobe malignant tumors, radiotherapy should be the preferr¢d

| treatment (5). Because of its proximity to many critical structures, such as the oral cavity,
brainstem, auditory apparatus, spinal cord, optical nerves, and the lenses of the eyes,
parotid cancer treatment using radiation still remains a very challenging task. Currently,
the most commonly used radiotherapy techniques for the treatment of the parotid cancers
are: 1) an ipsilateral wedged pair of 6 MV photon beams oriented at oblique angles to
encompass the entire parotid bed, 2) an ipsilateral field treated with high energy electrons
(12, 16 or 20 MeV), and 3) a combination of high energy photon and electron beams (6
MV + 12 or 16 or 20 MeV) with proper weighting (8, 9, 10) (Figure 1). However, all
these techniques have drawbacks. The first technique gives a low radiation dose to the
contra-lateral parotid gland and high doses to the oral cavity, brainstem, cochlea, optical
nerves, the lenses of the eyes, and spinal cord. In addition, because relatively high energy
photon beams are used, the slow build-up effect of the photon beams results in a low skin

dose. This is not acceptable for the treatment of the majority of the parotid cancers




because most parotid cancers are located in the superficial lobe of the parotid gland.
Although high energy electrons may be the best in terms of normal tissue sparing, it is
impossible to achieve depth dose conformity with a single electron energy only. The third
technique typically employs a high energy electron beam (12-20 MeV) and a single 6
MV photon beam. However, good matching of photon and electron beams is not easy to
achieve and poor matching may produce areas of high inhomogeneity within the tumor

dose distribution.

Recently, with the availability of photon beam intensity modulated radiation
therapy (IMRT) and computer-controlled multileaf collimators (MLC), there has been
wide interest in using photon beam IMRT to treat head and neck cancers and parotid
cancers in particular (9, 11-16). A common feature of the head and neck cancers is their
complex geometry. IMRT has shown potential to produce a highly conformal dose
distribution around the concave-shaped target volumes and a steep dose gradient near the
organs at risk (OAR). These characteristics can spare radiosensitive normal structures and
réduce complication rates (17-19). In addition, there has been an effort to exploit IMRT
to improve local-regional tumor control through dose escalation. Now, many commercial

inverse treatment planning systems and MLCs are available.

Although the photon beam IMRT is a powerful tool for treating the parotid tumors
that extend deeply into tissue below the skin surface, it is not suitable to treat Very
shallow targets due to the low surface doses and large depth of photon beam penetration.
For photon beam IMRT, the slow attenuation of photon beams can still deliver a high
dose to the critical structures that are far from the target. A promising alternative
approach is modulated electron radiation therapy (MERT) (20-21). The rapid dose falloff
of electron beams makes electron therapy an attractive treatment modality for some
shallow targets such as parotid tumors. Conceptually, each MERT plan consists of
multiple ports (gantry angles) with different electron energies (energy modulation) and

optimized beam intensity (intensity modulation). Dose conformity in the depth direction




may be achieved by electron energy modulation, which is unique to MERT. Dose
conformity and uniformity in the lateral direction may be achieved by intensity
modulation using an electron-specific MLC (EMLC). Through both intensity and energy
modulations, MERT is capable of delivering highly conformal doses to targets with
complex shapes and of sparing surrounding normal tissue, particularly, the distal critical

structures.

However, because of severe electron in-air scattering, the conventional photon
beam MLC is not suitable for the delivery of MERT plans. To deliver MERT plans
effectively, we designed and manufactured a prototype EMLC based on the results of
Monte Carlo simulations and a conventional Varian 25 x 25 cm’ electron applicator (22).
Based on the manufacturer’s specifications of the beam production system and the EMLC
design, electron beams collimated by this EMLC were simulated for a Varian Clinac
2100C linear accelerator using the EGS4/BEAM code (23, 24). Subsequently, using the
simulated electron beams, MERT plans for parotid cancers were created. In the present
study, we investigated the possibility of treating parotid tumors using modulated electron
radiation therapy by comparing MERT plans with corresponding photon beam IMRT

plans in terms of target dose coverage and normal tissue sparing.

Materials and Methods
Electron ML.C

We have previously reported a prototype manually-driven electron specific MLC
for the delivery of MERT plans (20, 21). Ideally, the EMLC leaves should be placed in
such a position that the bottom of the leaves is as close to the patient skin as possible in
order to produce a clinically acceptable field. However, because of the existing electronic
circuitry used to detect the insertion of the electron cutout at the last scraper of a standard
Varian 25 x 25 cm’ electron applicator, it was impossible to place the EMLC leaves at

that position without changing the existing electron applicator design significantly. Thus,




initially, the steel frame of the EMLC leaves was temporally inserted into the electron
cutout mount and the leaves were placed about 1 cm above the last scraper. This
configuration resulted in a 10 cm air gap between the bottom of the EMLC leaves and the
patient skin for a nominal 100 cm source-surface distance (SSD) (Figure 2 (A)). To
further lower the EMLC leaves and, thus, reduce in-air electron scattering and the
penumbra, we have now removed the entire last scraper of the electron applicator and its
electronic accessories. The EMLC frame was placed at the bottom of the modified
electron applicator and stabilized with eight screws. This modification reduced the air
gap to 5.0 cm between the bottom of the EMLC leaves and the patient skin (Figure 2
(B)). Since the electronic circuitry for detecting the electron cutout was completely
removed, we were able to avoid activating interlocks associated with electron beam
accessory malfunction while inserting the EMLC assembly into the linac treatment head.
Thus, even if the linac was in the electron mode, the gantry could still be rotated, making

the delivery of MERT plans with multiple beam angles possible.

MERT Plans

Based on manufacturer’s specifications of the beam production system and the
electron applicator design, electron beams produced by a Varian Clinac 2100C linear
accelerator and collimated by the EMLC were simulated using the EGS4/BEAM code.
Monte Carlo simulations were carried out using a group of 22 Pentium Pro CPUs (200
MHz) and 10 Pentium III CPUs (450 MHz), all running EGS4/BEAM, MCDOSE (23,
24), and their utilities under the Linux operating system. All simulation parameters, such
as the electron and photon energy cutoffs (ECUT and PCUT), the maximum fractional
energy loss per electron step (ESTEPE), and the number of initial electron histories, were
specified in the EGS4/BEAM input file. In this study, we used ECUT = 700 KeV and
PCUT = 10 KeV, below which all remaining energy was assumed to deposit on the spot.
ESTEPE was set to 0.04. The EMLC was included in the EGS4/BEAM simulations as an
MLC component module. The number of initial electron histories ranged from 2-30

million, depending on the electron energy. Phase space data were scored at a plane of 100




cm SSD after the particles had transported through the linac treatment head, the EMLC,
and the air gap beneath it. Based on this simulated electron beam, the MERT plans were

then created using our modified EGS4/MCDOSE code.

The CT scans of representative parotid cancer patients were obtained from our
department’s patient database. The CT images were acquired with the patients in supine
position. During CT scanning, a thermoplastic facial mask with three fiducials was used
for the purpose of patient immobilization and target localization for the subsequent
treatments. For each patient, about 90 images with a slice thickness of 3.0 mm were
acquired over the entire treatment area. Each CT image had an in-plane resolution of 512
x 512 pixels, with each voxel being 0.94 x 0.94 x 3.0 mm® in size. The CT images were
transferred to an AcQSim system (Marconi Medical Systems, Inc., Cleveland, OH) for
further processing. The clinical tumor volume (CTV) and critical structures were
contoured on the axial CT images by a radiation oncologist using the AcQsim
workstation. The gross tumor volume (GTV) was defined based on diagnostic imaging
and clinical findings. It consisted of gross primary and nodal tumors. The CTV was
constructed by expanding the GTV 1.0 cm in all directions to cover microscopic
extension of the tumor. The PTV was obtained by adding a 0.5 cm margin uniformly to
CTV to account for patient setup uncertainty and organ shift. Like photon beam IMRT,
any structures whose dose needed to be kept below a certain limit or whose statistics
were to be calculated in the MERT plan had to be contoured. Only those targets and
structures that were contoured were considered in the plan and included in the final
statistics. In addition, in order for our MERT inverse planning programs to work
properly, all regions of interest were delineated as separate structures. No structure
overlapping was allowed for the current version of our programs. In this study, the
critical structures to be protected were the spinal cord, brainstem, optical chiasm, optical
nerve, and orbits. The CT images, along with the outlined structures, were transferred to a
workstation using the DICOM 3.0 format and then converted into a format that was

compatible with EGS4/MCDOSE code so that they could be sent to our designated




Monte Carlo treatment planning machines. The final CT images used in MERT planning
had an in-plane resolution of 128 x 128 pixels with a voxel size of 0.35 x 0.35 x 0.30 cm’
that balanced resolution with the Monte Carlo dose calculation time. Additionally, the CT
numbers were converted into mass densities and material types for Monte Carlo
simulations. Based on the CT numbers, each voxel was designated as being one of the
three materials: air, tissue or bone. This provided the approximate effective atomic

numbers, cross-sections, and stopping powers for each voxel.

Figure 3 shows the simplified MERT planning flowchart. To facilitate the
description of the flowchart, we will use the term field to specify each beam
angle/electron energy combination and reserve the term port to indicate a single beam
orientation (gantry angle). Thus, a plan in which five electron energies are delivered at a
single gantry angle may be said to have one port and a total of five fields. In this study,
the MERT plans consisted of three ports and a total of fifteen fields, as summarized in
Tables 1 and 2. Like the photon beam IMRT, the first step in creating a MERT plan was
to select a set of suitable beam orientations, i.e., gantry angles, to fully cover the target
volume while sparing the adjacent critical structures as much as possible. Each port was
then divided into 1.0 x 1.0 cm? beamlets, i.e., the smallest beam elements for dose
‘calculation. This means that beam intensity within a 1.0 x 1.0 cm’ beamlet could not be
further differentiated. The beamlet size was defined at the isocenter plane. The goal of
this step was to determine how many beamlets were required to simulate for each port.
The user specified the isocenter, gantry, collimator, and couch angles, the desired beamlet
size, and the dimension of the search space. A program calculated which beamlets
intersected the target and created a text file containing these beamlets and their
coordinates. This file was used by MCDOSE to pre-calculate the beamlet dose kernels.
The total number of beamlets was the sum of the beamlets over all ports. A beamlet could
be turned off, i.e., assigned a weight of zero, but continued to remain active throughout
optimization. After the selection of a proper set of beam angles, we needed to decide

which electron energies to use for each beam angle. To do so, we computed a tumor




depth map for each beam angle, whose pixel size was the same as that of a beamlet, i.e.,
1.0 x 1.0 cm?. Based on the tumor depth distribution and assuming that the electrons lost
energy at about 2 MeV/cm in tissue, we were able to determine a suitable set of electron
energies for each beam angle. Since, in most of the cases, the target was not spherical in
shape, different beam angles could have different sets of electron energies. The obvious
advantage of this approach was the removal of those electron energies that contributed
less to the target dose and, thus, the reduction in the number of fields used and delivery

time.

The next step was to calculate beamlet dose kernels using MCDOSE. The beamlet
dose kernel was the Monte Carlo calculated dose array for all structures due to a single
beamlet. Each element of the dose kernel represented the dose delivered to a dose
calculation point or voxel assuming a unit beamlet weight. These values are also referred
to as dose deposition coefficients. Thus, the purpose of this step was, given a set of unit
beamlet weights, to calculate the dose distribution in every structure that we were
interested in. To optimize beamlet weights or intensity maps, a quadratic objective
function augmented with dose-volume constraints was constructed. This was based on the
assumption that there existed a quadratic relationship between the delivered dose and the
biological effect. The overall objective function contained a linear component for each
structure. Within each structure, each of the individual constraints contributed linearly to
the objective function. Following the construction of the objective function, the
optimization of beamlet weights was initiated. The core of the optimization procedure
was the well-known conjugate gradient search algorithm. A complete description of the
conjugate gradient search algorithms may be found in any number of sources. The major
advantage of the gradient search technique was its fast convergence speed, as compared
to stochastic optimization techniques, such as simulated annealing. We believe that the
gradient search algorithm was a good choice for future routine clinical implementation of
MERT. During the optimization, care was exercised to avoid negative weights. These

non-physical results were eliminated by scaling step sizes to avoid stepping over the




boundary of the acceptable solution space and by projecting gradients onto the

boundaries.

Following the beamlet weight optimization, the resulting fifteen optimized
continuous intensity maps were stratified into five discrete intensity levels in preparation
for leaf sequencing. The fifteen discrete intensity maps were then converted to fifteen
step-and-shoot leaf sequences (26) based on the technique proposed by Bortfeld et al.
(27). Since the dose distribution delivered by the ideal beamlets could be different from
that delivered by the leaf sequences, A Monte Carlo dose calculation was performed
again based on the fifteen discrete intensity maps reconstructed from the corresponding
fifteen leaf sequences. With these new dose kernels, the leaf sequence segment weights
were re-optimized. This second optimization differed from the first one in two aspects.
The first optimization was entirely based on idealized beamlets, without considering the
EMLC geometry, while the second optimization took into account not only the EMLC
geometry, but also leaf end transmission and Bremsstrahlung leakage. Thus; the first
optimization produced the best dose distribution possible, while the second one gave the

actual delivered dose.

The MERT plans with three coplanar beams (gantry angles: 205°, 235°, and 2550)
were created using our modified EGS4/MCDOSE treatment planning system. The
schematic layout of the beam orientations is shown in Figure 4A. The beam orientations
were selected based on the goodness of target coverage by the beams. Each gantry angle
or port was treated with five nominal electron energies (6, 9, 12, 16, and 20 MeV)
separately. The intensities of each energy for each particular gantry angle were
determined by the optimizer. The prescribed dose to the target was 50.0 Gy, with a
conventional fractionation scheme of 2.0 Gy per fraction, 5 fractions per week, and 25
fractions in total. The goal of the treatment planning was to cover the entire target with
isodose lines between 95% and 107% of the prescribed dose as recommended by ICRU
Report No. 50 (25). Isodose lines were normalized to 55.0 Gy for all plans.

10




IMRT Plans

The CT images, together with the outlined structure set, were transferred from the
AcQSim system to a commercial treatment planning system (CORVUS, NOMOS Corp,
Sewickley, Pennsylvania). The corresponding photon beam IMRT plans were computed
using our standard clinical protocol. As in the MERT planning, the PTV was defined by
adding a 0.5 cm immobilization and localization uncertainty to the CTV. The CORVUS
IMRT system allows the target volume to grow based on a user-specified positional
uncertainty caused by tissue motion and setup errors. The isocenter of the beams was
placed approximately at the geometric center of the target. The goal dose to the target
was 50.0 Gy, with the minimum and maximum doses being 49.0 Gy and 54.0 Gy,
respectively. The CORVUS IMRT system also allows the user to specify a percent target
volume allowed below the goal dose. In this study, we used 4% for this value. For the
critical structures, the limit dose ranged from 37.0 to 42.0 Gy, with the volume allowed
above the limit dose being 5%. The maximum allowable dose to the critical structures
was set to be 40.0 Gy. IMRT plans using other combinations of the dose volume
constraints were also tried. It was found that above-described constraints optimized target
dose coverage and conformity against critical structure sparing. The final IMRT plans
consisted of five coplanar gantry angles, each being treated with a 4 MV photon beam.
The gantry angles and beam energy were selected in such a way as to minimize
unnecessary normal tissue and critical structure irradiation. However, in this study, beam
orientations were not optimized. IMRT plans of different beam number and angle
combinations were generated. Each of the plans was carefully reviewed and evaluated on
the basis of target dose coverage and normal tissue sparing. Plan evaluation indicated that
the plans with coplanar beams: 0°, 205°, 235°, 270°, and 320° gave the best results.
Therefore, this beam arrangement was used in this study. Isodose lines were also
normalized to 55.0 Gy for all IMRT plans. Figure 4B shows the IMRT beam

orientations.
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Tissue heterogeneity correction was performed during the beamlet intensity
optimization and final dose calculation. Like the MERT planning system, the CORVUS
IMRT system also uses an integral dose volume histogram-based cost function. The
current version of the CORVUS IMRT software supports only one optimization
technique, simulated annealing (28). To obtain the best possible beamlet intensities and
thus, the optimal dose distribution, the optimizer mode was set to continuous. This mode
determines the internal representation of the beamlet intensities and is, in general, the
best choice for most treatment plans. All IMRT plans used in this study were created
based on a Varian Clinac 2100C linear accelerator and delivered in the step-and-shoot
mode. The machine was equipped with a 26-leaf pair photon MLC, capable of producing

1.0 x 1.0 cm? beamlets.

Results and Discussion

Electron MLC: ' :
Figure 5 shows a photo of the EMLC assembly inserted on the treatment head of a

Varian Clinac 2100C linear accelerator. The EMLC had 30 steel leaf pairs, with each leaf
being 0.476 cm wide, 20.0 cm long, and 2.54 cm thick. Both sides and ends of the leaves
were made parallel with the central beam axis. The maximum opening was 14.2 x 15.5
cm?’ when all leaves were completely retracted, giving the largest radiation field of 15.0 x
16.3 cm” projected at 100 cm SSD. The EMLC leaves could be pushed in and pulled out
easily. For each of the beam segments, the corresponding field shape was obtained by
manually positioning the leaves according to their coordinates, which were computed
from the electron beam leaf-sequencing program. To set the field shapes more efficiently,
currently, we first drew the field shapes on a piece of hard cardboard at a ratio of 1:1 and
cut them out. The field shapes were then set using these pre-cut cardboard templates. In
the near future, we will develop a faster and more accurate technique of setting field

shapes.
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In the past, attempts have been made to use a photon MLC for electron beam
collimation (30). Using a photon MLC in this circumstance has its obvious advantages.
On one hand, treatment planners could easily make plans that consist of both photon and
electron beams. On the other hand, the plans could be delivered using the existing linear
accelerators without any further capital investment. Unfortunately, because of the severe
electron scattering in the air, the quality of the electron beam collimated by a photon
MLC is significantly degraded and is no longer clinically useful. Here, we present a
practical and viable approach to the electron beam collimation — an electron-specific
MLC. Our results indicated that the newly modified EMLC was able to provide sufficient
beam collimation for MERT plan delivery.

Intensity Maps
Figure 6A shows a 3-D beam’s eye view of a representative parotid tumor viewed

at the beam angle of 235°. Figure 6B shows the corresponding tumor depth map at the
same beam angle, in which different pixel gray scale levels represent different depths of
the target. Darker pixels indicate the area where the tumor extended deeper into the tissue
at this particular beam angle. As clearly demonétrated in the tumor depth map, this case
was a good candidate for a MERT treatment because the target was superficial and, in
addition, it had an irregular boundary. Based on the tumor depth map, a histogram was
created, showing the tumor depth distribution (Figure 7). Out of 115 pixels, 2 pixels had
a mean depth of greater than 5.0 cm, 2 pixels had a mean depth between 4.0 and 5.0 cm,
20 pixels had a mean depth between 3.0 and 4.0 cm, and 43 pixels had a mean depth
between 2.0 cm and 3.0 cm, 37 pixels had a mean depth between 1.0 and 2.0 cm, and 11
pixels had a mean depth between 0.0 and 1.0 cm. Thus, the electron beams of 12, 16, and
20 MeV would be the best choices for this case in terms of depth dose conformity at this

beam angle.

However, for this preliminary study, we chose to use all available electron

energies. Figures 8A to 8E show representative beam intensity maps for a MERT plan
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for the 6, 9, 12, 16, and 20 MeV fields at the beam angle of 235% Tn all figures, each pixel

represents a 1 x 1 cm” beamlet projected at the isocenter. Darker pixels indicate higher
beam intensity levels, which correspond to a longer beam on time. White background
indicates zero beam intensity. These are areas where beams were blocked all the time by
the EMLC leaves. In reality, however, there was about 1% radiation leakage through the
EMLC leaves. As can be seen in the intensity maps, the optimizer gave significant
weights to the 12, 16, and 20 MeV fields, while small weights were assigned to the 6 and
9 MeV fields. It was these different electron energy weights that brought about the
energy modulation. By carefully examining the intensity maps and the tumor depth map,
we noticed that the MERT intensity maps largely reflected the tumor depth distribution.
The superposition of these intensity maps yielded not only the optimal lateral dose
conformity, but more importantly the optimal depth dose conformity. The numbers of
segments needed to produce these intensity maps were 18 (for 6 MeV), 18 (for 9 MeV),
12 (for 12 MeV), 18 (for 16 MeV), and 14 (for 20 MeV), giving a total of 80 segments
for this port. This number was comparable to the number of seginents for a photon field
in a typical IMRT head and neck plan. For comparison, the corresponding optimized
photon beam IMRT intensity map for the 4 MV field at the same beam angle is shown in
Figure 8F. This intensity map, actually consisting of two separate maps, was combined
together manually. This was because the size of the target in the anterior-posterior
direction was fairly large, the MLC leaves could not cover the entire target with one field
only. Thus, this 235° port split into two sub-fields. Like the MERT intensity maps, each
pixel in the photon beam IMRT map represents a 1 x 1 cm® beamlet projected at the
isocenter. Compared to its MERT counterparts, the photon beam IMRT intensity map
shows a relatively uniform intensity distribution, indicating a lack of depth dose
modulation. The combined photon beam IMRT intensity map required a total of 120
segments to deliver, divided into 62 and 58 Segments for each sub-field, respectively. For
both the MERT and the IMRT plans, we counted both “step” and “shoot” that were listed
in the step-and-shoot leaf sequence files as a segment. Thus, in the case of the combined

photon beam IMRT intensity map, it required 60 steps and 60 shoots to produce. Since
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the delivery time is linearly proportional to the number of segments in a leaf sequence
file, we can say that the MERT plan required relatively less time to deliver. It is worth
pointing out that in this study, we used all five available electron energies, which, in most
cases, is not necessary. Let us take the 6 and 9 MeV electron beams as examples. As
shown in Figures 8A and 8B, the optimizer gave them very low weights. Their
contributions to the dose distribution in the final MERT plan were not significant.
Therefore, they could have been deleted from the plan, leaving only three electron beams
in the plan. The final three leaf sequence files would have had less number of segments.

The total delivery time would have been even less.

Dose Distributions
Figures 9A and 9D show the comparison of the MERT and IMRT isodose

distributions for the central axial slices from a representative parotid cancer case. Figures
9B and 9E show the comparison of the isodose distributions for the central coronal slices
from the same example. Figures 9C and 9F show the comparison of the isodose .

distributions for the central sagittal slices also from the same example. The isodose

~distributions are shown in color lines. In both plans, the isodose curves were normalized

to 55.0 Gy, representing 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%, respectively. Only
selected isodose lines are labeled in the figures. The red colored target in the IMRT plan
represents the PTV, while the red colored target in the MERT plan represents the CTV.
The final MERT dose distribution was computed based on 15 intensity maps
reconstructed from corresponding 15 step-and-shoot leaf sequences. The beamlet size
was 1x1 cm® for both plans. It is evident from the isodose distributions that higher
isodose lines covered the target fairly well in terms of conformity in both plans, with the
MERT plan showing an overall better conformity for all isodose lines in all three
anatomical planes. As to the lower isodose lines, the photon beam IMRT plan exhibited a
relatively poor conformity. As anticipated, the exit doses of the photon beams penetrated
much deeper regions than the does delivered by the electron beams. This resulted in

significant, but unnecessary doses to distal areas, including some of the critical structures.
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This was clearly demonstrated in the axial and coronal slices of the IMRT plan, in which
the 30% isodose line covered the spinal cord fully and the 40% isodose line covered the
brain stem and the orbits partly,. In contrast, the corresponding MERT plan showed an
excellent critical structure sparing because of the rapid falloff of the electron beams. The
30% isodose line covered only small portions of the spinal cord, the brain stem, and the
right orbit. The left orbit was almost completely spared, as shown in Figures 9D and 9E.
Thus, it is very clear that the MERT plan provided a better target dose coverage and
homogeneity than the photon beam IMRT plan.

Dose-Volume Histograms (DVH)

To evaluate the plans objectively, we analyzed the cumulative dose-volume
histograms (DVH) of the plans. The cumulative dose-volume histograms displayed
quantitative statistical information about the target dose coverage and homogeneity and
normal tissue sparing. Each cumulative DVH curve represents the fractional volume that
received a particular dose or higher for that structure. It provides radiation oncologists
and medical physicists with a very effective tool to evaluate completing treatment plans
created with different parameters or even with different treatment planning systems
(TPS). The DVHs for the target and the critical structures considered in this study from a
representative parotid cancer case are shown in Figure 10. Based on the DVHs, it is
evident that the MERT plan provided a more homogenous dose coverage to the target
than the corresponding photon beam IMRT plan as the former’s DVH is more vertical
than the latter’s. In the MERT plan, the maximum, minimum, and mean doses delivered
to the CTV were 55.82, 40.50, and 50.32 Gy, respectively, while the corresponding doses
delivered to the CTV in the IMRT plan were 60.38, 17.30, and 50.24 Gy, respectively,
resulting in some undesirable hot and cold spots. Obviously, the photon beam IMRT plan
exhibited some degree of dose inhomogeneity. In addition, in the photon beam IMRT
plan, about 3% of the CTV received a dose of greater than or equal to 55 Gy and 5 % of
the CTV received a dose of less than or equal to 45 Gy. In contrast, the MERT plan gave

much better statistics. Less than 0.5% of the CTV received a dose of greater than or equal
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to 55 Gy and approximately 1.5% of the CTV received a dose of less than or equal to 45
Gy. All these suggest that the MERT plan provide a better dose homogeneity. It has been
known that conventional treatment modalities using electron beams exhibit a higher
degree of dose inhomogeneity in comparison with photon beam techniques. In part, this
is caused by tissue heterogeneity and skin surface irregularity. Here, we see that with
electron energy and intensity modulations, it is possible to reduce the degree of dose

heterogeneity and achieve a satisfactory dose distribution and uniformity.

Significant differences between the two DVHs for the critical structures indicated
that the MERT plan also delivered much less doses to the critical structures than the
photon beam IMRT plan. It is undoubtedly clear from Figure 10 that the MERT plan
showed a superior normal tissue sparing. The maximum, minimum, and mean doses to
the spinal cord in the MERT plan were 16.62, 0.02, and 5.24 Gy, respectively, while the
corresponding doses in the photon beam IMRT plan were 36.22, 0.60, and 17.50 Gy.
Only 16% of the spinal cord volume in the MERT plan received a dose of greater than or
equal to 10 Gy compared to 97% in the IMRT plan. Similar sparing for other structures
were also observed in the MERT plan. T he maximum, minimum, and mean doses given
to the brainstem in the MERT plan were 13.65, 0.45, and 2.66 Gy, respectively. In
contrast, the corresponding doses given in the photon beam IMRT plan were 29.88, 8.435,
and 16.66 Gy, significantly higher than the doses delivered in the MERT plan. As to the
orbits, both the MERT and the photon beam IMRT plans gave very low doses.
Especially, the MERT plan delivered an extremely low dose to the contra-lateral orbit,
with the maximum, minimum, and mean doses being 0.15, 0.01, and 0.05 Gy,
respectively. This is very significant and clinically relevant since the tolerance dose for
the lenses is only 10 ~ 15 Gy. In the cases we studied, the contra-lateral parotid gland
was not contoured as an independent critical structure. However, based on the isodose
distributions shown in Figure 9, it is clear that the dose delivered to the contra-lateral
parotid gland for the MERT plan was well under the established tolerance dose of 20 ~
30 Gy (29). Even if we increased the prescribed dose to 60 Gy, the dose delivered to the
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contra-lateral parotid gland for the MERT plan would be still kept well within the
tolerance. It is very important to point out that the mean dose to the non-target tissue in
the photon beam IMRT plan was 7.54 Gy as compared with 3.95 Gy in the MERT plan.
This is of clinical significance as the MERT plan could significantly reduce low radiation

doses to large normal tissue volume.

For many years, parotid cancers have been largely treated using one of these three
radiotherapy techniques: an ipsilateral wedged pair of photon beams oriented at oblique
angles, an ipsilateral field treated with high energy electrons, and a combination of high
energy photon and electron beams with carefully chosen weights. Unfortunately, because
of the intrinsic limitation of the underlying physics, all these techniques are not able to
produce treatment plans that provide both a high degree of target dose conformity and a
significant normal tissue sparing. Recently, the photon IMRT has shown some success in
treating certain head and neck cancers, but it is still not suitable to treat shallow tumors
due to extremely low surface dose and excessively high exit dose. The low surface dose
is not effective in killing tumor cells in superficial tissues. The high exit dose constitutes
a significant risk to the normal function of the distal critical structures, such as the spinal
cord and the contra-lateral orbit and parotid gland. Therefore, it would be desirable to
develop a technique that can eliminate these drawbacks. As the results presented here
indicate, through both electron intensity and energy modulations, MERT was able to
deliver highly conformal doses to targets with complex shapes. In the mean time, it
provided sufficient protection of the critical structures and substantial normal tissue
sparing. Considering the radiation side effects and the quality of life limiting organs at
risk like the contra-lateral parotid gland and orbit, it is necessary to keep the dose to the
healthy tissue to a minimum and preserve the organ normal function as much as possible.

In this respect, MERT had an undisputable advantage and a great potential.
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Conclusions

Based on the results of this comparative dosimetric study, we conclude that EMLC
was able to provide sufficient beam collimation for MERT treatments and for superficial
targets, such as parotid cancers, MERT offered not only a better target dose coverage and
uniformity, but also a superior normal tissue sparing. Therefore, it could become the
treatment of choice for superficial tumors. As the development of the computer-
controlled EMLC is underway, we believe that the widespread routine implementation of

this novel technique for superficial tumors should be investigated.

Acknowledgements

This study was supported in part by grants DAMD17-00-1-0443 (Yulin Song and
Steve Jiang), DAMD17-00-1-0444 (Todd Pawlicki), and DAMD17-01-1-0635 (Lei Xing)
from the US Department of Defense. In addition, we would like to express our sincere
thanks to Varian Medical System, Palo Alto, CA, for providing electron applicafors for

this study.

19




Photons

——n

Electrons

Figure 1

20




A)

B)

‘Monitor Chamber F

Shielding/Collimator /

Exit Window/Primary Foil ———

Secondary Foil ==

Monitor Chamber I

Shielding/Collimator

Upper Jaws

Lower Jaws

25 x 25 cm? Electron
Applicator

EMLC

Patient Skin (100 cm SSD) v

Exit Window/Primary Foil —————

Secondary Foil

Upper Jaws

Lower Jaws

25 x 25 cm? Electron
Applicator

EMLC

5.0 cm
v

Patient Skin (100 cm SSD)

Figure 2

21




1. Select proper beam angles and
energies

!

2. Divide each field into 1.0 x 1.0 cm?
beamlets (bixels)

'

[ 3. Monte Carlo dose kernel calculation
for all beamlets based on Varian Clinac

2100C specifications using MCDOSE

v

4. Optimize beamlet intensities using
conjugate gradient search algorithm with

. dose-volume constraints )

'

4 A
- 5. Create leaf sequences from optimized
beamlet intensity maps

Y

( h
6. Monte Carlo dose calculation based on
full leaf geometry using MCDOSE

v

7. Reoptimize weight for each segment

\.

\

v

Final MERT Plan ]

Figure 3

22




6, 9,12, 16, and 20
MeV Electrons

205° 4 MV Photons

Figure 4

23



EMLC Shape

Figure 5

24




Figure 6

25




Number of Pixels

50

45
40 -
35 1
30 -
25
20
15 -
10

0~1

1~2 2~3 3~4 4~5 >5cm

Mean Tumor Depth (cm)

Figure 7

26




2 4 6 8 10 12 14 16 18

A. MERT plan 6 MeV field

10

12 . -]

14

16

18

20

22

2 4 6 8 10 122 14 16 18

C. MERT plan 12 MeV field

10

12

14

16

18

20

22

2 4 6 8 10 12 14 16 18

E. MERT plan 20 MeV field

10

12

14

16

18

20

22

2 4 6 8 10 12 14 16 18

B. MERT plan 9 MeV field

"

2 4 6 8 10 12 14 16 18

Figure 8

27

F. IMRT plan 4 MV field






{Cumulative Dose Volume Histogram

4 Optical
. Nerve'ii

29

T T T T T T T l r - |
Target
80 Spinal Cord i / 7
. \
60 —
5 Brainstem !
© ]
o=
¥ 40 H Optical Chiasm B
E k . i
yes § Optical Nerve
\io‘j |
0 ) { | " | | LWy
0 10 20 30 40 50 60
Dose (Gy)
Figure 10




FIGURE LEGENDS

Figure 1
Conventional radiotherapy techniques for the treatment of parotid tumors. (A) An

ipsilateral wedged pair of 6 MV photon beams oriented at oblique angles to cover the
entire parotid bed, (B) An ipsilateral field treated with high energy electrons (12, 16 or 20
MeV), and (C) A combination of high energy photon and electron beams (6 MV + 12 or
16 or 20 MeV) with proper weighting.

Figure 2
Schematic drawings of the EMLC and a Varian Clinac 2100C treatment head. (A)

The manually-driven EMLC was originally placed at the last scraper of a standard Varian
25 x 25 cm® electron applicator. This resulted in a considerably large air gap (10 cm)
between the bottom of the EMLC leaves and the patient skin for a nominal 100 cm SSD.
(B) To further lower the EMLC leaves, we have now removed the entire last scraper of
the electron applicator and its electronic circuitry. The EMLC was placed immediately at
~ the bottom of the modified electron applicator and stabilized with eight screws. This
modification reduced the air gap to 5.0 cm between the bottom of the EMLC leaves and

the patient skin.

Figure 3
The MERT treatment planning flowchart.

Figure 4

Schematic layouts of the beam orientations. (A) Each MERT plan consisted of
three coplanar ports, oriented at 205°, 235° and 255°, respectively. Each port was treated
with five nominal electron energies (6, 9, 12, 16, and 20 MeV) consecutively. (B)
Corresponding photon beam IMRT plan had five coplanar ports: 0°, 205°, 235°, 270°, and
320°, with each port being treated with a 4 MV photon beam.
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Figure 5
A photo of the EMLC assembly mounted on a Varian Clinac 2100C linear
accelerator. The air gap between the bottom of the EMLC leaves and the patient skin was

5.0 cm. The gantry angle was 235°,

Figure 6

A representative parotid tumor and corresponding tumor depth map. (A) A 3-D
beam’s eye view of a parotid tumor at the beam angle of 235°. (B) Corresponding tumor
depth map, with darker pixels indicating the deeper parts of the tumor at this viewing

angle.

Figure 7

A representative tumor depth histogram. The histogram was created based on
Figure 6B, showing the number of pixels distribution as a function of mean tumor depth.
Based on this distribution, a suitable set of electron energies were selected for this

particular beam angle.

Figure 8

Representative beam intensity maps. (A-E) Intensity maps for the MERT plan for
the 6, 9, 12, 16, and 20 MeV fields at the beam angle of 235°. (F) Corresponding photon
beam IMRT intensity map for the 4 MV field at the same beam angle. This intensity map

consisting of two separate intensity maps and combined together manually.

Figure 9

Comparison of the MERT and IMRT plan isodose distributions. (A, D) Isodose
distributions for the central axial slices for a representative parotid ggnéér case. (B, E)
Isodose distributions for the central coronal slices from the same czge; (C, F) Isodose

distributions for the central sagittal slices from the same case. The isodose curves,
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normalized to 55.0 Gy, represent 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%,

respectively. Only selected isodose lines are labeled here.

Figure 10
Comparison of dose volume histograms (DVH) for the photon beam IMRT (A)
and MERT (B) plans. Clearly, the MERT plan shows a superior normal tissue sparing

and a better dose distribution.
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Table 1. List of ports used in the MERT plans

Port No Gantry Angle
1 205°
235°
3 270°

Table II. List of fields used in the MERT plans

Field No Gantry Angle Beam Energy (MeV)
1 205° 6
2 205° 9
3 205° 12
| 2 205° 16
| 5 205° 20
6 235° 6
| 7 235° 9
1 8 235° 12
9 235° 16
10 235° 20
11 270° 6
12 270° 9
13 270° 12
14 270° 16
15 270° 20
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Abstract

A Monte Carlo based treatment planning system for modulated electron
radiation therapy (MERT) is presented. This new variation of intensity
modulated radiation therapy (IMRT) utilizes an electron multileaf collimator
(eMLC) to deliver non-uniform intensity maps at several electron energies.
In this way, conformal dose distributions are delivered to irregular targets
located a few centimetres below the surface while sparing deeper-lying normal
anatomy. Planning for MERT begins with Monte Carlo generation of electron
beamlets. Electrons are transported with proper in-air scattering and the dose
is tallied in the phantom for each beamlet. An optimized beamlet plan may
be calculated using inverse-planning methods. Step-and-shoot leaf sequences
are generated for the intensity maps and dose distributions recalculated using
Monte Carlo simulations. Here, scatter and leakage from the leaves are properly
accounted for by transporting electrons through the eMLC geometry. The
weights for the segments of the plan are re-optimized with the leaf positions
fixed and bremsstrahlung leakage and electron scatter doses included. This
optimization gives the final optimized plan. It is shown that a significant
portion of the calculation time is spent transporting particles in the leaves.
However, this is necessary since optimizing segment weights based on a
model in which leaf transport is ignored results in an improperly optimized
plan with overdosing of target and critical structures. A method of rapidly
calculating the bremsstrahlung contribution is presented and shown to be an
efficient solution to this problem. A homogeneous model target and a 2D
breast plan are presented. The potential use of this tool in clinical planning is
discussed.
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1. Introduction

In an increasing number of centres, the treatment of tumours in close proximity to critical
organs or targets possessing complex geometries is performed via intensity modulated radiation
therapy (IMRT) with photon beams. While this technique is an extremely powerful tool for
treating tumours that are located more than a few centimetres below the surface, the physics
of x-ray energy deposition suggests that photon IMRT is not well suited to the treatment of
shallow targets. Furthermore, in many cases the slow attenuation of photon beams makes
conventional photon IMRT a poor choice for some targets with distal critical structures. In
contrast, electron beams, with their comparatively higher surface doses and more rapid depth—
dose fall-offs, are well suited to these targets. However, conventional electron beam delivery
and treatment planning systems are ill-equipped for the delivery of complex dose distributions.

Modulated electron beam radiation therapy (MERT) is a new electron modality that
has been developed to deliver highly conformal doses to shallow targets (Lief et al 1996,
Hyddynmaa er al 1996, Zackrisson and Karlsson 1996, Asell et al 1997, Ebert and Hoban
1997, Karlsson er al 1998, 1999, Asell ef al 1999, Ma et al 2000b). Dose conformality in the
beam direction may be achieved by energy modulation, while lateral uniformity and conformity
may be achieved by intensity modulation via a variable collimator. Many of the studies into
MERT have used microtron based scanned beam systems. In principle, energies should be
selectable with relative ease on these systems, while intensity modulation could be achieved
by scanning the narrow electron beam. Studies using these systems have shown MERT to
be feasible and potentially of great value; however, the cost and availability of such machines
have greatly restricted research and development of scanned beam based MERT. Investigations
into the use of the photon MLCs on accelerators that broaden electron beams with scattering
foils have also been performed, including the possibility of using helium along the beam axis
to reduce deleterious air scatter (Karlsson et al 1999, Lee et al 2000a).

As an alternative to these systems, an electron-specific multileaf collimator (¢MLC) has
been proposed (Lee et al 2000a, Ma ef al 2000b). It has been demonstrated that a collimator con-
sisting of 1.5 cm thick tungsten leaves located at the level of the last scraper of a25x 25 cm?elec-
tron applicator allows shaping of the field to a higher degree of resolution than is possible using
the photon MLC. By superposition of anumber of different field shapes, an intensity modulated
field may be delivered. However, a system for generating such a plan required further research.

Any planning system requires the ability to perform accurate dose calculations. Because
electron transport and scatter in matter is strongly influenced by density and material
composition, dose calculation in heterogeneous media is extremely challenging. Conventional
algorithms typically utilize variants of the 3D Hogstrom pencil beam algorithm, based on
Fermi-Eyges transport theory (Hogstrom e al 1981). However, it has been well documented
that in heterogeneous phantoms and small irregular fields, this algorithm results in large regions
of dose error (Cygler et al 1987, Bielajew er al 1987, Mah et al 1989, Mackie et al 1994, Ma
et al 1999). It has been demonstrated that the Monte Carlo method can provide accurate
dose estimations under all circumstances (Cygler ef al 1987, Mackie et al 1994, Kawrakow
et al 1996, Mohan 1997, Kapur 1999, Ma et al 1999). Additionally, Monte Carlo transport
algorithms can be used to accurately assess the perturbations to the electron fluence caused
by beam modifiers, such as multileaf collimators (assuming an accurate source model). The
combined effects of field size, shape, and collimator on absolute doses can then be included as
planning considerations with a high degree of accuracy. Thus, while the need for Monte Carlo
dose computation of photon IMRT plans has been debated, the importance of Monte Carlo in
conventional electron plans is well established, and it follows that more complex MERT plans
will also benefit from Monte Carlo computation.
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Most photon IMRT planning systems divide a radiation field into small spatial elements,
or beamlets, and separate out the dose contribution from each beamlet as the first step in
planning. This beamlet simulation may be performed by analytical methods or by the Monte
Carlo method (Boyer and Mok 1985, Pawlicki ef al 1999, Laub et al 2000). By optimizing
on the dose distributions, weights or intensities for each beamlet may be obtained and the
resulting 2D intensity maps may be converted into an MLC leaf sequence for delivery. The
assumption is that the dose computed on a beamlet-by-beamlet basis is the same as the dose
delivered via the actual leaf sequence. Even in photon IMRT this is not the case, the MLC
tongue-and-groove effect being the most notable violation (van Santvoort ef al 1996, Yu 1998),
with transmission through leaf ends and edges also being a factor (Chen et al 2000). In these
instances, an additional correction must be applied to leaf sequences or simply during dose
reconstruction so that planners may evaluate the true dose rather than an ideal dose.

This difference between beamlet and delivered doses is the primary challenge encountered
in developing a MERT planning system. During delivery, electrons (and contaminant photons)
have the opportunity to scatter off or through leaf ends and sides to a much greater degree than
photons. Additionally particles incident on the closed portions of the leaves may generate
secondary particles, in particular bremsstrahlung photons (Lee et al 2000a). These effects
result in a leaf-delivered dose that may differ significantly from the beamlet predicted dose.
The magnitude of this effect depends on the specific plan and cannot be known a priori.

Holmes (2001) has proposed a tomotherapy planning system that accounts for aperture-
dependent non-idealities such as leakage and head scatter. In that system, leaf sequencing
occurred as part of the optimization procedure, and thus aperture-dependent leakage and head
scatter could be included for each ‘field’ delivered by the tomotherapy system. This work
seeks to apply the same concept to MERT planning, though in this case Monte Carlo calculated
aperture-dependent non-idealities are incorporated via a post hoc procedure rather than during
the optimization.

The objective of this study was first to examine the differences between beamlet
deliveries and dose distributions from simulations in which particles were transported in the
eMLC. A Monte Carlo based treatment planning system was then developed in which the
bremsstrahlung leakage and leaf-end scatter and transmission could be properly accounted for
in the optimization process. A method of implicitly including the effect of particle transport
in the leaves was developed, allowing for faster calculations. Using this system, a plan is
generated for an artificial homogeneous phantom and for a CT phantom of an intact breast.
Based on these results, potential directions for further research are discussed.

2. Methods

2.1. Monte Carlo simulations

Source parameter descriptions of 6, 9, 12, 16 and 20 MeV (nominal energy) electron beams
were obtained using a procedure described elsewhere and summarized here. Electron beam
simulations of a Varian Clinac 2100C (Varian Oncology Systems, Palo Alto, CA) were
performed using the EGS4/BEAM code (Nelson et al 1985, Rogers et al 1995). A 25 x 25 cm?
type 11T (open walled) applicator was used in these simulations. Vendor supplied geometries
were used to define the component modules in the BEAM simulation, with photon jaw settings
adjusted according to the nominal beam energy. It has been shown elsewhere that the resulting
phase space data from these simulations, when used in EGS4/DOSXYZ or MCDOSE dose
calculations, provide agreement with measured data to within 2% on depth-dose and transverse
profiles, as well as output factor calculations (Kapur ef al 1998, Kapur 1999, Lee et al 2000c).
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Figure 1. A schematic diagram of the beamlet and electron MLC geometry. The beamlet is
defined as having a width of exactly 1.0 cm at 100 cm from the photon target, regardless of where
the phantom surface is actually located. This is shown in A. The source plane is reconstructed at
93.26 cm, coincident with the upper surface of the eMLC. The beamlets are then defined at this
plane B by ray tracing from the approximate location of the electron virtual source, 10 cm below the
exit window. Only particles within B are reconstructed and beamlet simulation occurs without any
collimation. When leaves are simulated, their positions are set based on the geometric projections
of the leaf edges, as shown. Thus there is an inherent difference in beamlet simulation and actual

delivery.

During the simulation, ‘latch bit’ settings were used to delineate particles originating or
scattering off the first two scrapers of the applicator (source 1 and 2), and electrons (source 3)
and photons (source 4) that were well described by a virtual point source (Maeral 1997, Maand
Rogers 1997, Jiang et al 2000). This four-source model has been shown to provide agreement
with both the direct phase-space simulation and measured data (Jiang e al 2000). During dose
calculations particles were generated according to this source model, thus eliminating the need
for calculation and storage of large phase-space data files.

Unless otherwise noted, electrons were transported down to 0.70 MeV total energy (ECUT)
and photons transported to 10 keV energy (PCUT), at which point the remaining energy was
deposited on the spot. It has been documented that an ECUT of 0.70 MeV, corresponding to
a residual continuous slowing down approximation range in water of <0.5 mm, is sufficient
for most dosimetric purposes (Rogers et al 1995). Transport through the leaves and in air
was performed using PRESTA for step-length calculations (Bielajew and Rogers 1987). For
transport in the phantom, photon splitting and electron track repetition were employed as
variance reduction techniques (Kawrawkow and Fippel 2000, Ma et al 2000a).

Dose calculations were performed using the EGS4 user code MCDOSE (Nelson et al
1985, Ma et al 2000a). This code has been described in detail elsewhere and has been shown
to provide agreement with DOSXYZ and measured data to within 2% (Li et al 2000b). The
code was modified and used for MERT planning as described in the following sections.

2.1.1. Electron beamlets. For each energy and port, electron beamlets were simulated for use
in the inverse planning algorithm in a manner analogous to Monte Carlo based photon IMRT
planning (Pawlicki et al 1999). Beamlet size was set at the level of isocentre, with a resolution
of 1 cm. The beamlet was then defined by a virtual aperture located at the position of the upper
surface of the electron MLC, 93.26 cm below the photon target. The beamlet size was defined
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to be given by projections taken from the plane containing the isocentre to the approximate
location of the electron virtual source, 10 cm below the photon target as determined during
beam commissioning. This geometry is shown schematically in figure 1. The virtual aperture
could be simulated in one of two ways:

(a) By taking the beamlet to be an opening in a perfectly absorbing infinitely thin collimator,
that is, sampling from the full 25 x 25 cm? field and transporting only those particles that
land in the beamlet.

(b) Sampling directly within the beamlet itself, and never generating any particles in the
remaining regions.

For efficiency, method (b) was selected with weighting factors defined as follows.

Let us consider a subset of a two-dimensional fluence profile (‘beamlet’) defined by x =
x) to x; and y = y; to y, with area Apcamter. If we sample within this beamlet according to the
true distribution, then each particle can be given a weighting factor equal to the ratio of the
integral fluence within the beamlet to the overall integrated fluence. If, however, we sample
uniformly within this region, then we must apply an additional weighting factor to remove the
biasing due to the uniform sampling. If the intensities (number of particles in a bin) are given
as F(x, y) and we consider a point (x’, y’), then
Apcamlet F(x',y")

Apin 2. 2 F(x,)
where Ay, is the area of the spatial bin to convert number of particles to fluence and the
summation represents the total number of particles in the source parameter file.

As mentioned above, each source parameter file contains fluence information for four
subsources. Because spatial bins are defined in the same way for each subsource, itis possibleto
assign a cumulative distribution function (CDF) for each bin, describing the relative intensities
of each source. Particles are sampled according to this CDF and hence no additional weighting
factor is needed for subsources. Note that contaminant photons from the treatment head are
included in the source reconstruction during both beamlet and eMLC simulation. Particle
origins are uniformly sampled on each subsource (i.e. an electron has an equal probability of
coming from each edge of an electron scraper). The reader is referred to Jiang et al (2000) for
complete details on source reconstruction for this four-source model, with the aforementioned
weighting factors for beamlet sampling.

During beamlet simulation, particles are reconstructed at the upper surface of the eMLC
at a distance 93.26 cm below the nominal photon target position. The remaining air gap to
the phantom is then explicitly simulated, thus accounting for the in-air scatter, such that the
final fluence at the phantom surface is essentially a convolution of the original fluence and the
scatter kernel.

ey

w(x’, y) =

2.1.2. Electron MLC simulation. A proposed design for an electron specific MLC (eMLC)
has been described elsewhere and is summarized below (Lee er al 2000a). Based on
measurements with a prototype system and Monte Carlo simulations, it has been shown that
1.5 cm thick tungsten leaves located at the level of the last scraper provide adequate electron
collimation for MERT. Leaf ends and sides may be unfocused, though in this study leaf sides
were considered to be focused to a point 10 cm below the photon target (for the 2D targets
studied here, this has no significant effect). Note that while this study utilized this specific
eMLC design, the results are general to any collimator in which leaf end scatter and transmission
and bremsstrahlung leakage are non-trivial.

The MCDOSE code was modified to include the simulation of particle transport in such
a collimator, placed according to arbitrary table, collimator and gantry angles, with leaves set
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according to a leaf sequence file. The geometry coding routines were based upon macros used
for block simulations (Li et al 20004, b). In all simulations, a region extending from the field
edge 5 mm into the leaves of the eMLC was subject to explicit simulation of all particles, up
to the global transport cut-offs. Margins of thickness greater than 3 mm have been shown
to be adequate for accounting for edge effects in cut-outs (Mubata et al 2000). Outside this
region, one of two rejection methods was used to accelerate the simulations. In one method
all particles in this region were rejected, while in the second method electrons were discarded
based on a2 MeV total energy cut-off while photons were transported explicitly. An alternative
method for computing bremsstrahlung leakage was investigated and is described separately in
section 2.1.3.

Each segment of the MERT plan was given a different number of histories based upon the
number of monitor units to be delivered. Note, however, that the absolute dose is decoupled
from the number of histories delivered, because the absolute dose for each field is separately
computed assuming a single monitor unit delivery, and then rescaled to the correct value.
However, for increased speed, the number of particles simulated was proportional to the
number of MU to be delivered. In particular, the overall statistical uncertainty at a point
after N segments with relative intensities w is given by

N
o =Y _(wid)’. )
i=1

If we express all the intensities in units of the minimum intensity, wy;n, such that w; = ;wpin,
we may write

N

2 2.2 2

o2 = Y (@wl,0p). ©)
i=1

If we desire to have all segments provide an equal contribution to the overall uncertainty, then
(al?aiz) must stay constant over i. This implies that the square of the uncertainties should scale
linearly with the square of the intensities, or equivalently, the number of histories for a field
should scale with the square of the intensities. The uncertainty in the final plans was less than
1% at 1o for the voxels with a dose D > 0.5D,c. By using a low uncertainty (at the cost of
high computation time), the noise-convergence issue of Monte Carlo based inverse planning
can be minimized (Jeraj and Keall 2000, Keall et al 2000).

2.1.3. Bremsstrahlung background approximation. In a subset of the simulations, leakage
photons were included in the calculations without explicit transport through the leaves. Using
the EGS4/BEAM system, two phase space files were generated, one directly above and one
directly below a 1.5 cm tungsten slab. Only particles passing through a 10 x 10 cm? square
centred on the slab’s upper surface were transported and scored. The photons in the lower
phase space were placed into angular bins of 1.0° (taken with respect to the central axis) and
within each angular bin, particles were separated into energy bins of 0.5 MeV. A ‘total photon
yield” S was defined as the number of photons in the lower phase space divided by the total
number of particles in the upper phase space. Note that this differs from the standard definition
of bremsstrahlung yield in that all photons are scored including, for example, transmission,
rather than only bremsstrahlung, and the yield is given per incident particle rather than per
incident electron.

The Monte Carlo simulation employed the bremsstrahlung production cross sections of
Koch and Motz (1959). The validity of the Monte Carlo method for studying thick-target
bremsstrahlung has been discussed at length in the literature (e.g. Seltzer and Berger 1985,
Faddegon et al 1990, 1991).
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During source reconstruction, electrons that would be incident upon the upper surface of
the eMLC are discarded (recall that the source plane and the top of the eMLC are coincident).
A random number 7 is selected in the interval (0, 1], and if n < (§/Ngi) then a photon of
weight Ny is generated according to the joint angular/spectral distribution and simulated
beginning from the bottom surface of the MLC. In these simulations, Nyy; was set at 10, thus
utilizing a Russian roulette-style variance reduction technique. The assumption was made that
the bremsstrahlung phase space was invariant across the field, and that at a given point the
photon distribution was radially symmetric. The low-energy electrons produced in the leaves
were also ignored. This greatly simplifies and accelerates both source model generation and
reconstruction, and it is shown in section 3.1.3 that these assumptions allow for sufficient
accuracy for treatment planning.

2.1.4. Absolute dose calibration. In general, Monte Carlo results are given in dose per
incident particle. To convert to absolute dose, the dose distribution froma 15 x 15 cm? field is
calculated (for each separate energy) and the central axis maximum taken to be a calibration
factor, DT (here, subscripts refer to fields and superscripts refer to measurement points).
This value is given in cGy/particle. Then, an arbitrary point A in the reference field may be
converted to absolute dose per monitor unit D, given in cGy MU™! by

DA

ref

Because some particles are ignored for various reasons during conversion from phase
space to source parameter (particles going backwards, positrons, field size limits, etc), this
simple calculation is only valid for a single source parameter file. To be used in any field (in
particular, here, the 25 x 25 cm? field), equation (4) may be expanded as

A A ref
D25x25 _ D25x25 D25x25

ref T pyref ref °
Drc{ D2Sx25 Drcr'

®

The term DY ,< can be calculated directly by simulating a 25 x 25 cm? field. The second
factor, DY ,s/ D! cannot be taken from source parameter based Monte Carlo calculations,
for reasons described above, i.e. some particles are not included during source parameter
generation. However, this energy-dependent parameter may be taken from Monte Carlo
simulations based on complete phase-space data or from measured applicator factors, defined

as the ratio of absolute doses at the central axis maxima.

2.2. Optimization

The optimization method used was developed by Jiang (1998) and the salient features are
described here. The system utilizes a steepest descent search algorithm, with a quadratic
objective function augmented by dose—volume constraints. As usual, deviations from the
prescribed dose py contribute to the objective function in the following form

Flargcl = Z(dl - 170)2 (6)
ieT
with T denoting points in the target. The soft dose-volume constraints are given by Zangwill’s
penalty function (Buchanan and Turner 1992). In particular,

penalty low 1o 2 high high 2
Eargcl = wu(;r“gct Zéi(w(di —p) Wiarget Zél (di = p2) @)
ieT ieT
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Beamlet Optimization
- no collimator
- "ideal” dose distribution

4
Leaf Sequencing

+
§— Simulate MLC Delivery ————

Method A Method B
- ignare leaf leakage - include leaf leakage
- results similar to beamlets « results differ from beamlets
l Reoptimize segment weights l
« correct for leaf end effects - correct for leaf end effects
- no correction for leakage - correct for leakage
l Simulate Final Delivery l
- overdosing of target - matches prescription
- heterogeneous coverage - humogeneous coverage

Figure 2. A schematic summary of the overall treatment plan. Each stage is discussed in detail
in the text. ‘Method A’ utilizes a simplified leaf model and is shown to result in an inferior plan.
‘Method B’ utilizes either explicit particle transport in the leaves or a bremsstrahlung approximation,
and results in a delivered doses that match well with prescriptions.
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Figure 3. Schematic diagram of the test phantom. The target structure and organ at risk (OAR)
are shaded and labelled accordingly. An extended air gap exists in the positive x region with the
accelerator isocentre located at the origin of the diagram. The phantom material is ICRU tissue.
The phantom extends 10 cm above and below the plane of the page.

where d; is the dose at a point i, p, and p; are the upper and lower limits on target dose, w
are the weights for the constraints and £; is defined as 1 if the point i is too high/low and the
volume constraint (number of points already in violation) has been reached. Similarly, critical
structures are protected by adding upper-limit penalties in a dose—volume fashion. The overall
objective function is then defined as

_ penalty penalty
Fohj = Flargct + r(Flargcl + Fcri(ical ) (8)

where r rises with each Zangwill iteration. Further details on this method of optimization may
be obtained from Jiang (1998).

3. Results and discussion

The general outline of the treatment planning procedure is given in figure 2. On occasion, the
text will refer to ‘method A’ or ‘method B’. These will correspond with the appropriate branch
of the flowchart in figure 2.
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Figure 4. Intensity maps generated for the homogeneous phantom by optimization of electron
beamlets: (a) 20 MeV, (b) 16 MeV, (¢) 12 MeV, (d) 9 MeV, (e) 6 MeV. Shown are L, after initial
beamlet optimization and M, after final segment optimization. Note that the intensities shown for
beamlets are prior to rebinning.

3.1. Homogeneous phantom

3.1.1. Geometry and beamlets. The first phantom geometry to be considered was a two-
dimensional homogeneous phantom with a sloped surface, shown schematically in figure 3.
The two-dimensional system was chosen so that beamlet weights and dose distributions could
be more easily assessed. The target was chosen to be concave with a critical structure placed
within the concavity. A small region around the target was chosen to represent the normal tissue
dose. The lateral extent of the target was approximately 20 cm. In the third dimension, i.e. out
of the page, as shown, the target region was 4 cm wide and was surrounded by homogeneous
ICRU tissue to a total width of 20 cm. The isocentre was placed at the surface of the phantom,
centred on the x-axis.

An array consisting of 20 beamlets, each with an area of 1 x 7 cm?, was delivered into the
phantom at each of the five available energies, covering the area from x = —10.0 to 10.0 cm.
The 7 cm beamlet size along the y-axis was chosen to be sufficiently large such that the central
target voxels were covered by a uniform field.

The beamlet weights were optimized to provide the intensity map shown in figure 4. The
general trend is as expected based on energies and depths. That is, the higher (20 and 16 MeV)
beams are restricted to the deeper target regions, while the lower energies are used in regions
where sparing of the critical structure is necessary. The resulting cumulative dose—volume
histogram (DVH) is shown in figure 5. Note that the target is well covered at the level of dose
prescription and the coverage is uniform to within the statistics given in table 1.
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Figure 5. Cumulative DVHs for the homogeneous phantom based on a leaf sequence derived from
the beamlet optimization (before the second optimization). Shown are DVHs for target and critical
structures. The results are for beamlet simulation ( ), full simulation of leaves (------ ), and
with leaf end scatter but no leakage (- - - -). The full simulation is what would actually be delivered,
including a significant overdosing because of bremsstrahlung from the leaves. This overdose is not
predicted by the other simulations.

Table 1. Dose constraints used during optimization of plans. For the target, a prescription dose
of 60 Gy was assigned for the homogeneous phantom and 50 Gy for the breast phantom. In both
cases, the average dose met this prescription to within 1%. Dose volume constraints are given as
maximum or minimum dose allowed for a given volume (Prescr.). When this constraint is violated,
penalties are assessed according to equation (7).

% Volume exceeding dose limit
Dose Relative

Structure  (Gy) weight Prescr.  Initial opt.  Final opt.

Homogeneous  Target >61.0 1000 1.0 35.7 35.1
phantom ' <59.0 100.0 0.0 259 27.6
OAR >30.0 50.0 5.0 1.5 2.4

>20.0 50.0 25.0 29.7 32.1

>5.0 50.0 75.0 100.0 100.0

Breast Target >50.5 100.0 0.0 38.0 34.6
phantom <49.5 1000 0.0 38.7 33.7
RiLung  >1.0 250 50.0 618 100.0

>33 25.0 30.0 43.6 554

>9.2 25.0 20.0 19.1 227

3.1.2. Simulation of the leaf sequence. This intensity profile was converted to a step-and-
shoot leaf sequence (for a single, wide leaf) via the close-in method (Bortfeld er al 1994).
The leaf sequencing method was chosen arbitrarily, but it is expected that the results should be
general to any given leaf sequencing system (see section 3.2, for example). The delivery of this
leaf sequence was then simulated with the leaves accounted for using two different methods:
(A) no particles transported in leaves and consequently, no bremsstrahlung production in
the leaves, and (B) explicit transport of electrons down to 2.0 MeV (ECUT) and photons to
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Figure 6. Dose profile from the simulated delivery of a plan based on beamlet optimization results
(before the second optimization). (a) Dose profile taken at a depth of 4.0 cm below isocentre. Thin
curves (full and dotted for clarity) represent individual energies while the thick curves indicate
total dose, with, - - - - without bremsstrahlung. (b) A difference plot representing the
bremsstrahlung contribution for each energy and the total plan (thick curve). For clarity, 9 and
6 MeV have been omitted. These low energies result in considerably less bremsstrahlung leakage
than the energies displayed.

10 keV (PCUT). In all cases, complete simulation of all particles down to the global cut-offs
was performed in an area within S mm of the leaf boundaries.

The DVHs for these deliveries are shown in figure 5. There are significant differences
in the DVHs based on the type of leaf simulation. When bremsstrahlung is ignored
(method A), the delivered DVH closely matches the DVH generated during beamlet delivery,
with small differences caused by the finite thickness of the leaves and scatter off the leaf
ends. The similarity between these two curves suggests that the beamlets and leaf delivery are
implemented properly both in relative and absolute dose calculation. The difference between
the beamlet optimization result and simulation via method A is due to the combined effects of
leaf end scatter and rebinning the weights into 10 intensity levels. These effects are observed
to have only a small impact on the resulting DVHs for this case.
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Figure 7. Dose profiles taken at a depth of 4.0 cm below isocentre for (a) 20 MeV and
(b) 12 MeV. Shown are explicit simulation (——), no bremsstrahlung production in leaves (- - - -),
and approximated leakage (O). Note the magnitude of the bremsstrahlung dose (the difference
between no transport and explicit simulation) at 20 MeV and the agreement between the approximate

and explicit simulation.

This, however, represents only the ideal case and one that cannot be delivered with a real

collimator system. When the actual eMLC delivery is simulated, including bremsstrahlung
production in the leaves (method B), it is apparent that a significant increase in dose occurs in
both the critical structure and target. This suggests that bremsstrahlung leakage is an essential
element in the dose calculation.

Figure 6(a) shows the contribution of each energy to the total dose at a depth of 4.0 cm.

As expected, the dose distribution of each energy roughly follows the intensity maps of
figure 4. The difference in absolute dose between the complete plan delivered with and without
bremsstrahlung leakage, taken at the same depth, is shown in figure 6(b). What is immediately
apparent is that, as expected, the primary contributor to bremsstrahlung background is the
20 MeV field. Profiles at different depths show similar results. It is also observed that the
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Figure 8. The joint angular/spectral distribution for bremsstrahlung photons generated ina 1.5 cm
tungsten slab irradiated by the 20 MeV field of a Varian Clinac 2100C. The distribution is given
as an average over the entire field. The z-axis is presented in arbitrary units of planar fluence.
Integrated over all angles, the most probable energy for this distribution is 2.25 MeV with a mean
energy of 5.06 MeV.

effect is not uniform, and is thus not likely to be corrected by a global change in monitor units
delivered.

This leaf effect can be studied in more detail by examining dose profiles for individual
energies, as shown for 20 and 12 MeV in figure 7. Examining the 20 MeV profile in figure 7(a),
taken at a depth of 4.0 cm, it can be seen that the full leaf simulation gives a slightly higher
dose across the field, especially in the region corresponding to the critical structure. In this
region, adequate coverage was achieved by the use of the 12 MeV field because the target
stopped at a shallower depth. Because the 20 MeV would penetrate into the critical structure,
it was blocked in this region. However, while primary electrons are blocked, bremsstrahlung
is generated by the electron interactions in the leaves.

Thus, there exists here a situation where the open field (12 MeV) delivers dose as predicted
by the beamlet simulation, but leakage dose from closed fields (20 MeV) is not accounted for
during beamlet optimization. Inthis case, an appropriate correction can be found by inspection:
the intensity of the portions of the 12 MeV overlaying the critical structure should be reduced
in such a way as to (at least partially) offset the dose being delivered by the bremsstrahlung
from the 20 MeV field. Of course, this only offers an approximate correction to one region
which may not be the optimal correction even for this limited problem, and does not correct
for leaf end scatter. As noted, leaf end scatter plays a small role in this case, but situations may
arise in which it has a larger impact than bremsstrahlung production, especially if low-energy
fields are delivered with higher intensities. A more robust and automated solution is necessary
for use in treatment planning. This can be achieved by the optimization of segment weights.

3.1.3. Bremsstrahlung approximation. These results clearly indicate that the effect of
bremsstrahlung leakage must be included during treatment planning. However, transporting
particles through the leaves becomes prohibitively slow when multisegment, multienergy plans
are considered. A method to approximate the leakage was then developed to circumvent this
problem.
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Table 2. A comparison of the three different methods of leaf simulation. All values are taken
at a depth of 2.5 cm. The open portion of the field extended from the central axis towards the
+x direction. The ‘dose out of field’ was computed as the average of the dose from —10.0 cm
to —3.5 cm. Relative speeds are presented normalized to the full, or explicit, simulation. See
section 2.1.3 for details on each simulation method. The same number of initial particles were
simulated in each case. The statistical uncertainty was approximately 0.5% at lo.

Leaf Max. dose in field Dose out of field
simulation  Relative
Field method speed (Gy) Rel.error  (Gy) Rel. error
20 MeV Explicit 1.0 10.05 — 0.16 —
5x7cm? Notrans. 5.1 998 <1% 001  —92.4%
Approx. 43 1001  <I1% 016 <1%
20 MeV Explicit 1.0 827 — 015 —
1x7cm? Notrans. 133 814 -154% 001 -96.3%
Approx. 8.2 8.50 +1.03% 016 <1%

Just as a source model is used to generate electrons and photons from the treatment head, a
bremsstrahlung source model was used to re-create photons at the lower surface of the eMLC,
as described in section 2.1.3. The joint angular/spectral distribution for a 20 MeV field as
generated by EGS4/BEAM simulation is plotted in figure 8. As expected, the photons are
primarily forward directed with a significant low-energy portion. The approximation was
tested on simple static fields and found to reproduce full simulation results to within 2%. The
improvement in speed and specific dose values can be found in table 2. In particular, for the
1 cm field where only about 3% of the eMLC is open (as is the case in many plan segments),
the simulation could be accelerated by approximately a factor of 8.

A second set of simulations was executed for these leaf settings, again with full leaf
simulation. The BLCMIN parameter of the PRESTA algorithm was set to 1.5 to maintain
smaller step sizes than are necessary for accurate transport (Bielajew and Rogers 1987). It has
been reported that this may lead to a small but significant change in the bremsstrahlung yield
in thick targets (Faddegon et al 1990, 1991). However, no significant changes were observed
in the bremsstrahlung dose distributions, and so the default PRESTA values were retained
(for speed) in all subsequent simulations. However, it is noted that the true bremsstrahlung
spectrum, yield and angular distributions may indeed differ significantly from the approximate
source used here, though the effect on the resulting dose is trivial compared with the primary
electron dose.

In section 3.1.2, it was proposed that optimizing segment weights may correct for
bremsstrahlung leakage. This will be most effective if the bremsstrahlung angular spread
is sufficiently narrow such that open regions received only trivial photon dose during the
delivery of that segment. Indeed, this assumption is validated by the results shown in table 2.
For the 1 cm wide field, the difference between maximum doses with explicit leakage and
no leakage is approximately 1.6% on a statistical uncertainty of 1.0%. The overdose caused
by the approximation in the open field region is similarly within 2%. This error is due to the
approximation that the bremsstrahlung angular distribution is the same at all points, rather than
tilted away from the central axis (as the incident electrons are). However, especially as this
effect decreases with increasing field size, it was considered an acceptable level of error.

The method presented is one possible method to simulate the effect of the leaves in an
acceptable time frame, and was used for the CT phantom in section 3.2. For the homogeneous
phantom currently under discussion, DVHs and isodose lines for simulations performed using
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Figure 9. Cumulative DVHs for the homogeneous phantom for target and critical structure, after
beamlet optimization ( ), simulated delivery of this plan with leaves in place, i.e. without second
optimization (- - - -), and simulated delivery with leaves after segment optimization, i.e. final
plan (A). Note that the original beamlet optimization and the final plan are nearly indistinguishable
intarget coverage. Also shown is the delivered target DVH for a plan in which a second optimization
occurred, but in which segments only included leaf scatter, and not bremsstrahlung (O).

this approximation and explicit full leaf simulation were found to be indistinguishable. Thus,
unless otherwise specified, figures and discussion regarding explicit simulation of leaves are
equally applicable to the approximate bremsstrahlung approach.

3.1.4. Optimization of segment weights. During the simulated delivery of the leaf sequence,
the dose distribution from each segment was stored separately. A segment was defined as
the beam delivered by a field defined by a set of leaf positions, that is, a single static field
in a step-and-shoot sequence. Treating each of these segments as if they were beamlets, the
weights, or monitor units delivered per segment, were re-optimized with the same parameters
as before. The initial conditions for the optimization were taken from the original monitor
unit settings, i.e. those derived from the first beamlet optimization. The results of this second
optimization are shown in table 1. .

It is crucial to recall that this second optimization is based on a realistic geometry and
includes such details as leaf end transmission and bremsstrahlung leakage. In contrast, the
results of the first optimization are based on idealized beamlets, i.e. with no real collimator
geometry involved. This first optimization gives the best dose distribution with a given
optimization (given a perfectly absorbing and infinitely thin collimator), while the second
optimization is the actual delivered dose. What is observed is that if the non-idealities caused
by the eMLC are included in the second stage optimization (i.e. the segment optimization), the
final result does not deviate far from the ideal case (i.e. the beamlet optimization). The target
dose and coverage are very similar, with a slight increase in dose to critical structures. Note
that of course the bremsstrahlung dose cannot be completely negated, and that there is a small
increase in dose to normal tissues as a result, but this occurs deeper than the target and critical
structure and thus represents doses of less than 2% of the prescription dose.

These results are further detailed in figure 9, where the DVHs are shown after various stages
of planning. Idealized beamlets are optimized to give a dose distribution that agrees very well
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Figure 10. Isodose lines for the homogeneous phantom. Shown are the simulated deliveries of plans
generated accounting for leaf effects (——) and plans that ignored the effect of the leaves (- - - -).
The structures are labelled in figure 3. Lines represent absolute doses: starting closest to the target
and moving outwards, 62.5, 50, 30, 10 Gy. Recall that the prescription dose was 60 Gy. Target
doses in both cases satisfied the minimum prescription dose requirements, but there is significant
overdosing of the target in the plan that did not account for leaf effects.

with the prescription on table 1, shown as full curve in the figure. However, actually delivering
this plan adds the effect of the collimator leakage and scatter. The resulting DVH is shown as
a broken curve, and is right shifted and also has a change in the slope, suggesting much poorer
target coverage than was predicted by the idealized plan. However, once segment weights are
re-optimized, the DVHs, shown as symbols, indicate that target coverage is very similar to that
of the ideal beamlets, despite the non-idealities of the real collimator. The dose to critical struc-
tures rises slightly with the addition of the leaves, due to the leakage, but the final optimization
does reduce this effect somewhat. The resulting intensity maps are shown in figure 4.

It is noted that this optimization is a somewhat smaller problem than the initial
optimization. In particular, whereas the initial optimization was in 100 dimensions
(20 beamlets x 5 energies), this second optimization has a dimensionality equal to the total
number of segments in all ports: in this case, 33. Additionally, the initial values of the segment
weights are much closer to the optimal solution than the initial beamlet weights, which were
set to zero.

3.1.5. Final dose distributions. Asimplemented, the optimization procedure involves storage
of complete information about dose in structures (target, OAR) but only stores dose for a limited
set of healthy tissue voxels. Thus, while the DVHs generated in the second optimization are
complete, plotting isodose lines and a full accounting of normal tissue dose requires a final
dose calculation based upon the entire plan. While it is possible that this step could be avoided
in a clinical implementation (given sufficient computer resources), it was also a necessary step
for this study to fully quantify the error introduced by ignoring the leaf transport.

Figure 9 shows the DVHs for the final deliveries planned based on full leaf transport
simulations and also a plan generated with only leaf scatter accounted for. Both plans were
based on an intensity map generated by the same ideal beamlets. This initial optimization
result gave the leaf positions for the deliveries. At this point, both simulations are identical.
Then, the delivery of the leaf sequence was simulated with leaf leakage included in one case
and ignored in the other. In the case where bremsstrahlung from the leaves was ignored, the
finite thickness of the leaves and end scatter and transmission was still included. The segment
weights for these two simulations were then re-optimized, such that a final set of leaf positions
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Figure 11. Intensity maps for the AP field of the 2D breast plan, generated by optimization of
electron beamlets. for the AP directed port: (@) 20 MeV, (b) 16 MeV, (¢) 12 MeV, (d) 9 MeV,
(e) 6 MeV. Shown are [J, after beamlet optimization and W, after segment optimization.

(based on the first optimization) and monitor units (based on the second optimization) were
obtained. These were then simulated with complete simulation of the collimator system, to
observe the dose distributions from actual deliveries based on these planning procedures.

As expected, figure 9 shows that the delivery that was planned without leaf leakage resulted
in an overdose to the target and critical structures. This is expected to be true for any situation
in which the leaf transport and leakage is not properly included in the simulation, not just
simulations in which all transport is ignored. Note that the DVHs for the plan generated
with the bremsstrahlung approximation are virtually indistinguishable from the full simulation
DVHs, and are thus not shown.

Isodose plots are shown in figure 10 for the plans generated with the leaf effect included in
the optimization and for plans that did not take this leaf effect into account. What is apparent
is that failing to include leaf effects in planning leads to an overdosing, shown by the 62.5 Gy
isodose line.

3.2. Two-dimensional breast CT phantom

As a demonstration of this method in a more realistic scenario, a plan was generated for
irradiation of an intact breast. For this proof-of-principle study, the breast was taken as a
single CT slice. Extension to 3D cases requires further study on the effect of leaf sequences on
MERT planning, and will be addressed in future research. Details of the planning parameters
and results can be seen in table 1.
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Figure 12. Intensity maps for the RL field of the 2D breast plan, generated by optimization of
electron beamlets, for the right lateral port: (a) 20 MeV, (b) 16 MeV, (¢) 12 MeV, (d) 9 MeV,
(e) 6 MeV. Shown are [J, after beamlet optimization and W, after segment optimization.

For this plan, two ports with different gantry angles and isocentres were employed, with
five energies delivered through each port. One port is directed in the anterior—posterior (AP)
direction while the second port was directed from the right lateral (RL) direction. The planning
proceeded using the method developed in the discussion of the homogeneous phantom (i.e. via
method B). Beamlets were delivered and optimized, a leaf sequence was derived for the eMLC,
delivery was simulated using the bremsstrahlung approximation and the segment weights were
re-optimized. While the homogeneous leaf sequence was generated using the close-in method,
this leaf sequence was generated using the intensity solid paradigm method of Siochi (1999),
as a demonstration of the generality of the planning procedure. No other modifications to
the planning scheme described above were necessary for simulation of this multiport/multi-
isocentre plan.

The intensity maps for the AP fields are shown in figure 11 and the RL fields are shown
in figure 12. Unlike the single-port homogeneous plan discussed earlier, the intensity maps
are less intuitive and are, in a qualitative sense, less smoothly varying than the homogeneous
phantom discussed earlier. The addition of a second gantry angle and homogeneous material
makes this optimization more similar to photon IMRT in that intensity maps can only be
roughly estimated by inspecting the geometry. However, the general trend of reducing 20 MeV
field intensities and compensating for this with increased intensity at the lower energies is
maintained. Further research will examine the effect of smoothing these profiles, as has been
suggested for photon IMRT.
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Figure 13. Isodose lines for the 2D breast plan. (¢) MERT final delivery after both beamlet and
segment optimization are complete. (b) A pair of tangential photon beams. Starting closest to the
target and moving outwards, 48, 40, 30, 20 Gy.

(This figure is in colour only in the electronic version, see www.iop.org)

The resulting dose distribution for the MERT plan is shown in figure 13(a). A second set
of isodose lines are plotted in figure 13(b) for a pair of 6 MV tangential photon beams directed
onto the breast as per standard protocols. The lateral photon field utilized a 45° wedge and
the relative weights of the two fields was optimized. The corresponding DVHs are shown in
figure 14. The low lung dose in the MERT plan is a combination of two factors: the two-
port set-up and the use of lower-energy beams for the thinner portions of the breast. Note
that achieving a homogeneous dose with two electron ports necessitates intensity modulation.
Note, also, that the DVH volumes are presented as percentages of this slice only, and not as a
percentage of the entire lung.

This represents a case where conventional treatments are often non-optimal, as tangential
photon beams often result in heterogeneous dose, scatter dose to the contralateral breast and
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Figure 14. Cumulative DVHs for the 2D breast plan. , simulation of final delivery plan with
leaves in place and - - - -, tangential 6 MV photon beams. Note that volumes actually represent
area in this slice, as the plan was conducted in two dimensions.

the necessity of a large margin to compensate for breathing motion. In this case, the breathing
motion was assumed to be primarily expansion in the direction normal to the tangential beams.
While this two-port MERT plan is also affected by breathing motion, the effect is somewhat
lessened as the beams still retain an acute angle of incidence relative to the breathing motion. In
contrast, the photon plan includes a much larger region of the breast in the high-dose region, as
a large margin must be included because breathing motion is in a direction largely orthogonal
to the beam angles. A complete study of the impact of breathing motion on the two treatment
modalities will be of significant interest, but is beyond the scope of this work. Regardless of
the margin, the curvature of the chest wall and the lateral extent of the clinical target region
dictate that some amount of normal tissue and lung will be included in the high-dose region.

Note that this case has been presented as a proof-of-principle for both the potential role of
MERT in a clinical scenario and of the efficacy of this planning scheme. Examining the utility
of MERT at different anatomical sites and a full comparison with other treatment modalities
is beyond the scope of this paper.

4. Conclusions

This study has demonstrated the feasibility of MERT with a scattering foil linear accelerator.
Two primary objections voiced against MERT have been that the in-air scatter is too great
to have an acceptable resolution and that this scatter will hinder the optimization process.
The scattering problem has been minimized by the design of the electron MLC. There is
certainly an appreciable amount of air scatter, especially at the lower energies; however, it
has been shown that this does not significantly affect dose distributions in the model targets.
Furthermore, optimization of electron beamlets will be inherently inaccurate if poor electron
transport algorithms are used to account for in-air transport. This problem has been overcome
with the use of Monte Carlo transport algorithms. The beamlet dose profiles may have wide
penumbras or other non-ideal characteristics, but as long as this information is incorporated
into optimization, the final result will be physically correct.
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While this study has employed a specific model of an electron MLC and a specific Monte
Carlo dose calculation system and optimization software, it should be noted that these results
can be generalized to other situations. That is, the effect of any real collimator that perturbs
the delivered beam away from the idealized beamlets can be at least partially accounted for
by this two-step optimization procedure. Also, any dose calculation system and optimization
software may be used, provided that transport in non-patient regions such as the air gap and
eMLC can be performed accurately.

With rapidly increasing Monte Carlo calculation speeds and improvements in computer
hardware, itis likely that calculating MERT plans in the manner described will soon be possible
on atime scale easily comparable to advanced analytical photon planning algorithms. Thusitis
important to pursue additional research in MERT planning, focusing on development of three-
dimensional planning techniques. Currently, three-dimensional plans may be generated using
the methods presented. However, it is anticipated that the method used to organize individual
leaves into a synchronous leaf sequence will have some bearing on the ability to compensate
for leakage. Further research will also examine specific treatment planning considerations,
such as changing the number of energy and intensity levels, as well as adding additional gantry
angles or isocentres, and combining photons and electrons in a single plan.
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Abstract. This work investigates the feasibility of optimizing energy- and intensity-modulated
electron beams for radiation therapy. A multileaf collimator (MLC) specially designed for
modulated electron radiotherapy (MERT) was investigated both experimentally and by Monte Carlo
simulations. An inverse-planning system based on Monte Carlo dose calculations was developed to
optimize electron beam energy and intensity to achieve dose conformity for target volumes near the
surface. The results showed that an MLC with 5 mm leaf widths could produce complex field shapes
for MERT. Electron intra- and inter-leaf leakage had negligible effects on the dose distributions
delivered with the MLC, even at shallow depths. Focused leaf ends reduced the electron scattering
contributions to the dose compared with straight leaf ends. As anticipated, moving the MLC
position toward the patient surface reduced the penumbra significantly. There were significant
differences in the beamlet distributions calculated by an analytic 3-D pencil beam algorithm and
the Monte Carlo method. The Monte Carlo calculated beamlet distributions were essential to the
accuracy of the MERT dose distribution in cases involving large air gaps, oblique incidence and
heterogeneous treatment targets (at the tissue—bone and bone-lung interfaces). To demonstrate the
potential of MERT for target dose coverage and normal tissue sparing for treatment of superficial
targets, treatment plans for a hypothetical treatment were compared using photon beams and MERT.

(Some figures in this article are in colour only in the electronic version; see www.iop.org)

1. Introduction

Photon beams have been an effective modality for breast cancer treatment in radiation therapy.
Although such conventional treatment with tangential photon fields has been successful, the
following two problems (or potential areas of improvement) remain:

(a) The inclusion of the lung and other normal tissues, and sometimes of a small volume of
the heart, in the high-dose volume due to tumour location, patient size or in the case of
chest-wall treatments.

(b) High exit or scatter dose to the normal structures such as the lung, the heart and the
contralateral breast.

Advances in the state of the art of computer-controlled medical linear accelerators have
recently become available that, along with newly developed treatment planning techniques,
may provide significant improvements in the delivery and control of external beam radiation
through beam-intensity modulation (Boesecke et al/ 1988, Brahme 1988, Convery and
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Rosenbloom 1992, Leibel et al 1992, Webb 1992, 1997, LoSasso et al 1993, Powlis et al
1993, Chui et al 1994, Mageras ef al 1994, Brewster et al 1995, Fraass et al 1995, Kutcher
et al 1995, Mackie et al 1995, McShan et al 1995, Ling et al 1996, Boyer et al 1997). 1t is
expected that using photon IMRT, the problem (a) above may be significantly improved but (b)
may become more serious as treatment time increases with the number of fields/segments used
(increased leakage or scattering dose). Using the modulated electron radiotherapy (MERT)
technique (Lief et al 1996, Hyddynmaa et al 1996, Zackrisson and Karlsson 1996, Asell et al
1997, Ebort and Hoban 1997, Karlsson et al 1998, 1999), on the other hand, problem (a) may
also be significantly improved and problem (b) may almost be eliminated due to the nature of
the electron beams.

In the optimization process of MERT, dose conformity along the beam direction can be
achieved by modulating the electron incident energy, making use of the sharp dose fall-off
feature. A drawback is its large penumbra at large depths. Traditionally, electron beams are
shaped using a cutout (or blocks) and beam penetration/intensity may be modified using abolus.
However, it is time-consuming to make such beam modifiers and the treatment time would be
significantly increased if such beam modifiers are used for MERT. Efforts have been made to
use computer-controlled MLC for electron beam modulation. The recent results by Karlsson
et al (1999) showed that by replacing the air in the treatment head with a low-cost, custom-
made helium balloon, the beam penumbral width (20/80) was reduced from 18 to 11 mm at
80 cm SSD. The beam characteristics are affected by the position of the MLC. However, by
replacing the air between the MLC and the patient with a helium balloon, the beam penumbra
become almost the same as that achieved by electron beam-shaping with an electron applicator
that extends to the patient skin surface (Karlsson et al 1999). This means that many of the
techniques so far developed with computer-controlled MLC and our experience with MLC
photon beam modulation can be adopted for use with MERT.

The calculation of dose distributions for electron beam radiotherapy planning is
- challenging because electron scattering is strongly affected by changes in density and
composition in the patients. The 3D pencil beam algorithm (Hogstrom et al 1981) is a fast
analytical algorithm which has been adopted by most treatment planning systems. However,
it has limitations with small irregular electron fields and in the presence of inhomogeneities
(Cygler et al 1987, Bielajew er al 1987, Mah et al 1989, Mackie e al 1994, Ma et al 1999).
The Monte Carlo simulation has been demonstrated to be a viable option for such complex
situations, and also the only way to take into account back-scattering from denser materials in
a patient (e.g. bone or metal inserts) (Shortt et al 1986, Cygler et al 1987, Mackie et al 1994,
Kawrokaw et al 1996, Mohan 1997, Kapur 1999, Ma et al 1999). The EGS4/BEAM system
was developed for the simulation of radiotherapy beams from various radiotherapy treatment
units, such medical accelerators (Rogers et al 1995). Excellent agreement (1-3%) has been
achieved between the Monte Carlo dose distributions calculated using the simulated particle
phase-space data and measurements (Rogers et al 1995, Kapur et al 1998, Zhang et al 1999,
Ma et al 1999). We have installed a Monte Carlo patient dose calculation tool on a clinical
treatment planning system (Ma et al 1999) and used Monte Carlo for treatment planning and
dose delivery validation. This has reduced the uncertainty of the accelerator output for small
irregular field electron beams from up to 10% to about 3% (Ma er al 1997, Kapur et al 1998).

Conformal radiotherapy was initially used to limit the normal tissue dose by conforming
the treatment field to the beam’s-eye-view projection of the target volume (Takahashi 1965).
For photon beams, the MLC was used to collimate the fields and later to modulate the beam
intensity in the field (Boesecke et al 1988, Brahme 1988, Convery and Rosenbloom 1992,
Leibel et al 1992, Webb 1992, 1997, LoSasso et al 1993, Powlis ef al 1993, Chui et al
1994, Mageras ef al 1994, Brewster et al 1995, Kutcher ef al 1995, Mackie et al 1995,




Modulated electron beam for radiotherapy 2295

i

N

Figure 1, A prototype of an electron MLC mounted on the bottom scraper of a 25 cm x 25 cm
applicator on a Varian Clinac 2100C accelerator. The MLC has 30 pairs of steel leaves and the leaf
positions are fixed by the tightening screws.

McShan et al 1995, Ling et al 1996, Boyer et al 1997). There have been a few studies
on electron conformal therapy. Tailoring dose distributions using electron beams requires
substantial beam manipulation, due to their scattering characteristics. Such manipulation is
already possible with radiation sources such as microtrons where preferential energy selection
and magnetically scanned pencil beams are possible (Lief et al 1996). Both intensity- and
energy/intensity-modulated electron beams have been investigated to conform the dose to the
target near the surface (Lief et al 1996, Hybdynmaa et al 1996, Zackrisson and Karlsson 1996,
Ebert and Hoban 1997, Karlsson e al 1998). More recent work has studied the combination of
photon IMRT and MERT for targets at greater depth (Karlsson et al 1999). Using the helium-
balloon technique together with a computer-controlled MLC, it may be possible to deliver a
set of intensity-modulated beams with different energies and incident angles. .

In this work, we investigate the feasibility of optimizing energy- and intensity-modulated
electron beams for radiotherapy treatment. We report here our Monte Carlo studies of
a multileaf collimator specially designed for MERT and some preliminary experimental
results. We also report on the dose calculation algorithms and their effects on treatment plan
optimization for MERT. We will discuss the differences in the beam characteristics between
a photon MLC and an electron MLC. We will compare the dose distributions between a
conventional tangential photon treatment plan and a MERT treatment plan for a hypothetical
breast treatment to demonstrate the potential of MERT for target dose coverage and normal
tissue sparing.

2. Materials and method

2.1. The prototype electron MLC

We have developed a prototype manual-driven electron MLC for the beam delivery for MERT.
As shown in figure 1, the electron MLC consists of 30 steel leaf pairs, which were made from
the off-the-shelf steel bars for convenience and cost-effectiveness. Each leaf is 0.476 cm wide,
20 cm long and 2.54 cm thick with straight edges and ends. The leaves were mounted on a
steel frame, which can be attached to the bottom scraper of a 25 cm x 25 cm electron applicator
on a Varian Clinac 2100C (Varian Oncology Systems, Palo Alto, CA). The leaves can slide in
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the steel frame and the leaf positions can be easily set using a pre-cut cardboard for a beam
segment. The field shape is maintained by tightening the screws from the side. The largest
radiation field available using the electron MLC was 15.7 cm x 15.7 cm projected at 100 cm
source—surface distance (SSD).

Because of the existing electronic device for inserting the electron cutout, the leaves could
not be placed at the last scraper level without modifying the existing applicator geometry.
Instead, the steel frame was inserted using the electron cutout mount and the leaves were
placed immediately above the last scraper. This resulted in a slightly greater air gap (7 cm)
between the bottom of the electron MLC leaves and the phantom surface (assuming a 97 cm
SSD) compared with that of an electron cutout (5 cm for a 100 cm SSD). The projected leaf
width for a 5 cm air gap is 0.5 cm, while for a 7 cm air gap the projected leaf width is 0.51 cm
(e.g. for the current configuration at 97 cm SSD). Further modifications are needed to the
electron applicator geometry in order to lower the electron MLC leaves. The ideal location
for the MLC leaves is the last scraper since electron cutouts will no longer be needed if an
electron MLC is in place.

Film measurement was performed to study the characteristics of the electron beams
collimated by the electron MLC. The film was calibrated following the AAPM TG-25
recommendations (AAPM 1991) and the exposures were taken by placing film at different
depths in a solid water phantom. The film was scanned using a film scanner which has a
spatial resolution of about 0.15 cm.

2.2. The Monte Carlo beam simulation

We have used the EGS4 (Nelson et al 1985) user code BEAM for the accelerator head
simulation. Detailed descriptions of the software can be found in Rogers er al (1995). A
detailed description of the clinical implementation of the Monte Carlo method at the Stanford
Medical Center was given in a previous publication (Ma ef al 1999).

For this work, we have used the previously simulated Monte Carlo beam data for 6, 12
and 20 MeV electron beams from a Varian Clinac 2100C linear accelerator and for 6 MV
photon beams from a 2300CD accelerator (Varian Oncology Systems, Palo Alto, CA). The
dimensions and materials for the accelerator components were incorporated according to the
manufacturer’s specifications. Electron beams emerging from the vacuum exit window were
assumed to be monoenergetic and monodirectional with a beam radius of 0.1-0.2 cm (Kapur
et al 1998). The energy cutoffs for electron transport in the accelerator simulation (ECUT
and AE) were 700 keV (kinetic + rest mass) and for photon transport (PCUT and AP) 10 keV.
The electron transport step length was confined such that the maximum fractional energy loss
per electron step is 4% (i.e. ESTEPE = 0.04). The ICRU recommended compositions and
stopping power values were used for the materials in the accelerator simulations (ICRU 1984).
The phase-space data were scored at a plane either immediately above the photon MLC or
above the lowest scraper. The number of particles was about 2-30 million in an electron beam
file and about 50 million in a photon file.

Field shaping by the photon MLC or electron MLC was further simulated using the BEAM
component module MLC. MLC could simulate either straight or ‘double focused’ leaf edges
and ends. In this work, we have simulated electron beams collimated by a photon MLC with
both straight and double focused MLC leaf shapes. The leaves were 7.5 cm thick and made of
tungsten. The leaf center was 49 cm from the isocentre. The intervening air in the accelerator
and between the MLC and the isocentre was in some cases replaced with helium to investigate
the effect of electron scattering in the air. In the simulations of the electron beams collimated by
an electron MLC, the leaves were placed on the bottom scraper of a 25 cm x 25 cm applicator
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with a 7 cm air gap between the bottom surface of the MLC and the isocentre. Tungsten leaves
of 1.5 cm thickness with straight edges and ends were used in all the simulations and the phase
space data were used in the subsequent dose calculations except for the leaf leakage study
where different leaf materials and thicknesses were investigated for the electron MLC.

2.3. The Monte Carlo dose calculation

The EGS4 user code, MCDOSE (Ma eral 1999), was used in this work for the dose calculations.
MCDOSE was designed for dose calculations in a 3D rectilinear voxel geometry. Voxel
dimensions were completely variable in all three directions. Every voxel (volume element)
could be assigned to a different material. The cross-section data for the materials used were
available in a pre-processed PEGS4 cross-section data file. The mass density of the material
in a MCDOSE calculation was varied based on the patient’s CT data although the density
effect corrections for the stopping powers of the material remain unchanged (Ma et al 1999).
The voxel dimensions and materials were defined in a MCDOSE input file together with the
transport parameters such as the energy cutoffs (ECUT and PCUT), the maximum fractional
energy loss per electron step (ESTEPE), and the parameters required by PRESTA (Bielajew
and Rogers 1987). Several variance reduction techniques have been implemented in the
MCDOSE code to improve the calculation efficiency. These include photon interaction forcing,
particle splitting, Russian roulette, electron range rejection and region rejection, particle track
displacement and rotation, and correlated sampling. Detailed descriptions of these techniques
have been given elsewhere (Rogers and Bielajew 1990, Ma and Nahum 1993, Rogers et al
1995, Kawrakow et al 1996, Keall and Hoban 1996, Ma et al 1999).

For patient dose calculations, the simulation phantom was built from the patient’s CT data
with up to 128 x 128 x 128 voxels (uniform in any dimension). The side of a voxel varied
from 0.2 to 0.4 cm. A separate program was developed to convert the patient’s CT data from
the FOCUS treatment planning system (Computerized Medical Systems, St Louis, MO) to
desired dimensions, material types and densities. The organ contours were also obtained for
dose calculation and analysis. The phase-space data obtained from a BEAM simulation were
used as a source input with variable source positions and beam incident angles. To simulate
the dose distribution of a finite size beamlet used by the inverse planning process, particles
were transported to the MLC plane and only those within the beamlet area (= 1 cm x 1 cm
projected at 100 cm SSD) were allowed to go through. This ignored the bremsstrahlung
photon leakage and electron scattering by the leaf ends in the optimization process (the effect
was corrected in the final dose calculation, as discussed below). After optimization, a leaf
sequence was generated using a modified ‘step and shoot” algorithm based on our early work
(Ma et al 1998). The final MERT dose distribution was computed based on an intensity map
(a 2D distribution of particle weighting factors) reconstructed from the leaf sequence. The
bremsstrahlung leaf leakage effect was included in the intensity map using the leaf sequence
and pre-calculated leaf leakage data for 1.5 cm thick tungsten leaves. MCDOSE produced
data files that contained geometry specifications such as the number of voxels in all the three
directions and their boundaries as well as the dose values and the associated (1o) statistical
uncertainties in the individual voxels and organs (structures). The EGS4 transport parameters
were ECUT = AE = 700 keV, PCUT = AP = 10 keV and ESTEPE = 0.04. The number of
particle histories simulated ranged from 2 million to 30 million for a MERT treatment. The
1o statistical uncertainty in the dose was generally 2% or smaller of the Dy value. The CPU
time required for a MERT simulation was about 1-3 h on a Pentium Il 450 MHz PC with the
variance reduction option switched on.
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Figure 2. Beam intensity distributions measured by film on the surface of a solid water phantom
for 6, 12 and 20 MeV electrons. The MLC leaf positions for the electron fields are also shown
(bottom left).

2.4. The optimization process

The treatment planning optimization system used in this work is a home-developed system
based on the work by Jiang (1998). First, the planner inputs the patient geometry and defines
the treatment setup, such as the beam energy, number and orientations of beams, etc. The
target volume and the critical structures are defined by the clinician. A reference monitor unit is
assigned to each open rectangular beam and the dose deposition coefficients, which are defined
as the dose contribution from a beamlet to a point, are calculated using the MCDOSE code.

Second, using the calculated dose deposition coefficients as input, the optimal intensity
profile for each beam is achieved using a gradient method to minimize the objective function.
For the target area, a quadratic form of objective function is specified. In addition, two
target dose-uniformity constraints are used to ensure a uniform target dose distribution and
to distinguish the clinical importance of cold and hot spots. For the critical structures,
maximum-dose constraint and several levels of dose-volume constraints are assigned to each
structure. For each objective function and constraint, an importance weight relative to the
target objective function is assigned. All the constraints are mathematically transformed to
the penalty functions of quadratic forms. The augmented objective function, which should be
minimized, is a combination of the original objective functions and all penalty functions. The
results of the optimization process are the intensity profiles for the individual fields (different
incident energies and gantry angles). The same optimizer has been used for photon beam
optimization with the Monte Carlo method and a finite-size pencil beam algorithm (Jiang
1998, Jiang et al 1999, Pawlicki et al 1999).

3. Results and discussion

3.1. Characteristics of electron beams collimated by an electron MLC

Figure 2 shows the electron fields collimated by the prototype electron MLC for 6, 12 and
20 MeV electron beams on a Varian Clinac 2100C machine. For convenience, a photo showing
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Figure 3. Beam profiles measured by film on the surface of a solid water phantom for the 6 MeV
and 20 MeV electron fields shown in figure 2: (a) 20 MeV along A-A; (b) 20 MeV along B-B;
(c) 6 MeV along A-A; () 6 MeV along B-B.

the MLC leaf positions for the field shape is also included in figure 2. Figure 2 shows the
film measurement at the surface of a solid water phantom (97 cm SSD) for 6, 12 and 20 MeV
electron beams. Figure 3 shows the measured profiles on the phantom surface along A-A and
B-B for the 6 MeV and 20 MeV electron fields shown in figure 2. Figure 4 shows the beam
profiles at 2 cm depth in the solid water phantom. It can be seen that for a 20 MeV electron
beam, 0.5 cm leaf shapes are still distinguishable on the surface but become very blurred at
2 cm depth. For a 6 MeV electron beam, however, the effect of electron scattering becomes so
severe that a leaf width smaller than 1.0 cm will not result in any improvement in the spatial
resolution. However, a small leaf width may have the advantage of defining the field more
precisely in the direction perpendicular to the leaves.

Based on these experimental results, we further performed Monte Carlo simulations
of electron fields collimated by 1 cm wide leaves to study the effect of material type and
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Figure 4. Beam profiles measured at 2 cm depth in a solid water phantom for the 6 MeV and 20 MeV
electron fields shown in figure 2: () 20 MeV along A-A; (b) 20 MeV along B-B; (¢) 6 MeV along
A-A; and (d) 6 MeV along B-B.

leaf thickness. Although the beam penumbral widths did not change significantly for leaf
thicknesses smaller than 2 c¢m, the beam intensity outside the field was affected by the leaf
thickness and the atomic number of the leaf material. Asshownin figure$ fora20MeV electron
beam, 1.5 cm thick zinc reduced the electron fluence outside the field to about 5% of the central
axis value (figure 5(a)). These electrons were mainly generated by the bremsstrahlung photons
in the MLC leaves. This was confirmed by the photon fluence as shown in figure 5(b), where
1.5 cm zinc MLC leaves resulted in about 60% higher photon fluence outside the field compared
with the central axis photon fluence. Some electrons were also scattered off the leaf ends and
by air. For 1.5 cm copper, 1.5 cm lead and 2 cm steel, the electron fluence was about 2.5% of
the central axis value. The electron fluence was reduced to about 1.5% if the leaves were made
of 1.5 cm tungsten. This was reflected by the 30% smaller photon fluence under the tungsten
MLC leaves compared with the central axis photon fluence. Clearly, tungsten was superior to
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Figure 5. Monte Carlo simulated electron (a) and photon (b) planar fluence in the penumbral
region and outside the treatment field for a Varian Clinac 2100C 20 MeV electron beam collimated
by an electron MLC of different leaf materials and thicknesses. The air gap between the electron
MLC and the scoring plane is 7 cm.

other materials in terms of leaf leakage. If we increased the tungsten leaf thickness to 2 cm
the electron fluence would be reduced to less than 1% of the central axis value and the photon
leakage would be reduced to about 50% of the central axis value (not shown).

To study the overall effect of the leaf leakage, leaf scattering, air scattering and the extended
source in an electron beam, we compared the dose distributions for single fields and multiple
abutting fields collimated by an electron MLC with 1.5 cm thick tungsten leaves. Figure 6
shows the Monte Carlo calculated dose distributions for a single 4 cm x 4 cm electron field
and a multiple abutting field of the same size formed by four 1 cm x 4 cm electron fields. For
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Figure 6. Monte Carlo calculated dose distributions in a water phantom for Varian Clinac 6 and
20 MeV electron beams collimated by an electron MLC of 1.5 cm thick tungsten leaves for a single
4 cm x 4 cm electron field and a 4 cm x 4 cm field formed by four I cm x 4 cm electron fields:
(a) dose at surface for a 20 MeV beam; (b) dose at 3 cm depth for a 20 MeV beam; (c) dose at
surface for a 6 MeV beam.

a 20 MeV electron beam, the dose at the phantom surface for the abutting field shows about
4% fluctuation compared with a single electron field (figure 6(a)). This is potentially due to
the effect of leaf shape and extended source. The dose outside the field for the abutting field is
about three times higher than that for the single field, which is mainly caused by the leaf leakage
due to the longer beam-on time to deliver the four 1 cm x 4 cm fields and electron scattering
off the leaf ends. The dose at 3 cm depth shows little difference between the abutting field and
the single field except for the dose near the field edges and outside the field (figure 6(b)). For a
6 MeV electron beam, the dose at the phantom surface for the abutting field is almost the same
as that for the single field (figure 6(c)). The dose outside the field for the abutting field is only
slightly higher than that for the single field. The effect of leaf leakage is very small for a 6 MeV
beam and the dose immediately outside the field is thought to be mainly due to the effect of
electron scattering in the air. It seems that field abutting with 1 cm beamlets collimated by
an electron MLC can provide adequate beam characteristics for MERT for the beam energies
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investigated. However, the dose outside the field needs to be minimized through beam energy
and leaf sequence optimization.

3.2. Comparisons of a photon MLC and an electron MLC

There have been studies on electron beam collimation using a photon MLC (Karlsson et al
1999). One of the advantages of using a photon MLC is the possibility of combining both
photon and electron beams in the same plan. An essential requirement for matching a photon
beam and an electron beam at different depths is that both beams share the same source
position. Karlsson et al (1999) proposed several modifications to the design of a Varian
Clinac 2300CD accelerator, one of which was to replace the intervening air with helium. This
could significantly reduce the effect of electron scattering in the air on the beam penumbra.
However, filling the accelerator head with helium requires major modifications to the existing
accelerator design. In this work, we have investigated an alternative solution—a thin leaf
MLC at the electron cutout level to reduce the air scattering effect. As can be seen in figure 7,
the unfocused MLC leaf ends could scatter the electrons very significantly to degrade the
beam characteristics near the field edges. The Varian MLC has rounded leaf ends, which
are expected to have similar dosimetric characteristics as the unfocused MLC studied here.
Focused leaf ends could greatly improve the beam edges and provided even slightly better
dose profiles inside the field for a 20 MeV electron beam compared with an electron MLC
(figures 7(a)—(c)), primarily due to the reduction of electron scattering in the accelerator head
(helium versus air). The dose outside the field was slightly lower for the electron MLC than for
the photon MLC. For a 6 MeV beam, an electron MLC gave slightly better surface dose profiles
both inside and outside the field than the focused and unfocused photon MLC. However, the
dose profiles became practically similar at the depth of the maximum dose and greater depths
(not shown). Note that in these comparisons, we have placed the phantom surface at 20 cm
below the photon MLC and 7 cm below the electron MLC to minimize the effect of electron

_ scattering in the air or helium between the MLC and the phantom. It is evident that an electron
MLC will have similar dosimetric characteristics as a photon MLC with focused leaf ends but
without the need to replace the air in the accelerator head with helium.

3.3. Comparison of beamlet distributions

The accuracy of the beamlet distribution calculation may play an important role in the treatment
planning optimization process. Ma et al (1999) reported significant differences in the final dose
distributions of the optimized treatment plans computed by a commercial inverse treatment
planning system with a finite-size pencil beam and the Monte Carlo method. Pawlicki ef al
(1999) demonstrated that inaccurate beamlet distributions may result in under-dosing in the
target and over-dosing in the adjacent critical structures, and using the Monte Carlo calculated
beamlets could potentially reduce the uncertainty in the photon IMRT dose distributions. This
was demonstrated again by Jeraj and Keall (1999) using a Monte Carlo dose calculation based
inverse planning algorithm.

It has been shown that the electron beam dose distributions calculated by the pencil beam
algorithm as implemented in some commercial treatment planning systems could be fairly
uncertain in the regions near material interfaces and inhomogeneities (Cygler et al 1987,
Shortt et al 1986, Mackie et al 1994, Ma et al 1999). We have computed the beamlet dose
distributions using the 3D pencil beam as implemented in the FOCUS treatment planning
system (Computerized Medical Systems, St Louis, MO) and compared them with the Monte
Carlo calculated beamlets. Figure 8 shows the dose distributions calculated using the Monte
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Figure 7. Monte Carlo calculated dose distributions in a water phantom for a 10 cm x 10 cm field
collimated by an electron MLC with 1.5 cm thick tungsten leaves and a photon MLC with 7.5 cm
thick leaves on a Varian Clinac 2100C accelerator: (a) surface dose for a 20 MeV beam; (b) dose
at 3 cm depth for a 20 MeV beam; (c) dose at 6 cm depth for a 20 MeV beam; (d) surface dose for
a 6 MeV beam. The electron MLC has strajght leaf ends. The photon MLC has either straight or
double-focused leaves.

Carlo method (a, c, ) and the FOCUS 3D pencil beam algorithm (b, d, f) foralcm x 1 cm
12 MeV beamlet incident on a patient phantom built from CT data. For beamlets with normal
incidence (figures 8(a) and (b)), the difference in the dose distributions in the heart was evident:
the Monte Carlo calculated isodose lines varied with the heart contour while the pencil beam
isodose lines remained symmetrical despite the change in material densities. Figures 8(c)
and (d) show the beamlet distributions with a 10 cm air gap. The difference is clearly seen
near the surface. The beamlet distributions again differed significantly in the lung for oblique
incidence (figures 8(e) and (f)). The axis of the beamlet was intentionally placed to go through
soft tissues and bones. The pencil beam isodose lines seemed to stretch according to the beam
axis pathlength and showed no signs of electron build-down near the low-density material.
These results provided enough evidence to show that to ensure the accuracy of the optimized
dose distributions for MERT we should use the Monte Carlo method to compute the electron
beamlets for the inverse planning process.
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Figure 8. Dose distributions calculated using the Monte Carlo method (a, c, €) and the FOCUS
3D pencil beam algorithm (b, d, f) fora I cm x 1 cm 12 MeV beamlet with normal incidence
(a and b), normal incidence plus 10 ¢cm air gap (¢ and d), and oblique incidence (e and f). The
beamlet size is defined at 100 cm SSD. The isodose lines shown are 10, 20, 30, 40, 50, 60, 70, 80
and 90% of the maximum dose respectively.

3.4. MERT versus photons. a hypothetical treatment plan

Modulated electron radiotherapy is a general purpose technique that should be advantageous
in many clinical situations. An exhaustive investigation of the specific advantages of MERT
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(a) b

Figure 9. Treatment plans for a hypothetical breast case using tangential 6 MV photon beams (a)
and MERT with 6, 12 and 20 MeV electron beams (b). Both plans were calculated using the Monte
Carlo method. The isodose lines (90, 70, 50 and 30%) represented 50, 38.9, 25 and 16.7 Gy.

over traditional treatment modalities on a site by site basis is outside the scope of this work.
However, to demonstrate the possibility of improving the dose homogeneity in the target and the
reduction of the dose in surrounding normal tissues, we compare the dose distributions to treat
ahypothetical target using tangential photon beams and MERT. The purpose of the comparison
was to illustrate the concept of MERT but not to draw specific conclusions on the use of either
technique. Previous investigators have used artificial phantoms and hypothetical targets to
mimic different treatment sites (e.g. Hy6dynmaa er al 1996, Asell et al 1997, Ebert and Hoban
1997). We considered it to be clinically relevant to use a more realistic patient geometry (built
from CT data) in our comparison, although the target definition and beam setup are somewhat
arbitrary. Figure 9 shows the hypothetical treatment plan using tangential 6 MV photon beams
and MERT with normally incident 6, 12 and 20 MeV electron beams. The intensity maps for
each electron beam energy are shown in figure 10. The beamlet size was 1 cm x I cmat 100 cm
at isocentre. It is worth noting here, that as a matter of practicality, it is impossible to create
the intensity maps shown in figure 10 using the conventional electron cutout approach but the
electron MLC is a viable alternative. The dose distributions for both plans were calculated
using the Monte Carlo method. The isodose lines (90, 70, 50 and 30%) were normalized in
such a way that the 90% isodose surface would receive the prescribed target dose of 50 Gy.
For the photon plan, the 90% dose line also included a margin in the lung to account for the
effect of patient breathing. This was not needed for the electron plan as the electron beams
were incident en face and the electron beamlet dose distributions do not vary significantly with
breathing. Figure 11 shows the dose volume histograms (DVH) for the hypothetical treatment
plans shown in figure 9. The target DVH together with the right lung DVH are shown in
figure 11(a) (as percentage volume) and the right lung DHV and the ‘total body’ (including
everything inside the external contour) DVH are shown in figure 11(d) (as absolute volume).

It is clear that MERT provided better dose homogeneity in the target region than tangential
photon beams. Tangential photon beams produced hot spots in the target and cold spots near
the skin (figure 11(a)). MERT significantly reduced the dose to the lung relative to tangential
photon beams; the maximum dose to the lung was reduced from 50 Gy for a tangential treatment
to 35 Gy for MERT (figure 11(a)). However, MERT increased the volume of the lung that
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20 MeV : 6 MeV

12 MeV

Figure 10. Intensity maps for the three electron beam energies. The beamlet size for each port
was 1 x 1 cm?, Darker beamlets indicate a higher weight than the lighter beamlets and the grey
scale for all three maps is in absolute terms.

received a lower dose (10% more volume received 5 Gy and 20% more volume received 2 Gy)
compared with tangential photon beams. The clinical significance of the increased lung volume
receiving such a low dose needs to be investigated. On the other hand, over 150 cm? of lung
received much less dose with MERT compared with tangential photon beams, which could
result in reduced lung complications (figure 11(b)). Another clear benefit with MERT is the
exclusion of the surrounding normal tissue from the high dose volume (figure 11()). Over
1000 cm? of normal tissue received 10-30 Gy less dose in a MERT plan compared with this
tangential photon beam plan.

4. Conclusions

In this work, we have investigated the feasibility of modulating both energy and intensity of
electron beams for radiotherapy. This was achieved by combining electron beams of different




2308 C-MMa et al

100

80

60 f

\ —— Target - photons
\ ——— RT Lung - photons
40 1\ ---- Target - MERT

) ---- RTLung - MERT

Volume (%)

20 + T~
SN
e T
0 . P T Sru= Y
0 10 20 30 40 50 60 70
Dose (Gy)
(a)
1000 . . ; ; :
'|
| —— Total body - photons
800 J‘ | —— right lung — photons ]
\ l‘ ——- Total body - MERT
| - — - right lung - MERT
\
\ 3
0% 600 |
L
[
E
2
£ 400 ]
200 1
0 .
0 10 20 30 40 50 60 70
Dose (Gy)

»

Figure 11. Dose volume histograms (DVH) for the breast treatment plans shown in figure 9:
(a) DVH shown as percentage volume for the target (PTV) and the right lung and (b) DVH shown
as absolute volume for the right lung and the ‘total body’ which includes everything inside the
external contour.

nominal energies and variable intensity distributions. A prototype electron MLC was built to
study the characteristics of MLC-collimated electron beams and the Monte Carlo simulations
were used to investigate the effect of MLC leaf material, thickness, shape and location. The
beamlet distributions calculated using a 3D electron pencil beam algorithm as implemented
in a commercial treatment planning system and the Monte Carlo method were compared for
electron beams of different energies, extended air gaps, oblique incidence and heterogeneous
geometries. A hypothetical breast case was used to compare the dose distributions using

tangential photons and MERT for target coverage (dose homogeneity) and normal tissue sparing
(dose reduction in the lung and other surrounding normal tissues).
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Our results showed that an electron MLC at the electron cutout location can provide
adequate beam collimation for MERT without the need to replace the air in the accelerator
head and between the MLC and the phantom with helium. The beam characteristics collimated
by an electron MLC are comparable to those collimated by a focused photon MLC. However,
the latter requires the accelerator head and between the MLC and the phantom to be filled with
helium, which may be impractical for some accelerators because of the major modifications
needed to the structure design. An electron MLC can also be used in place of a cutout. The
Monte Carlo method can accurately simulate particle transport in cases involving extended air
gaps, oblique incidence and heterogeneous anatomy, and is therefore suitable for the beamlet
calculation for MERT treatment optimization. Our preliminary results based on a hypothetical
breast case demonstrated the potential of MERT for uniform target coverage and normal tissue
sparing. To fully explore the potential of MERT, further studies need to be carried out for
realistic clinical cases and for other treatment sites such as the head and neck.
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electron beams for modulated electron radiation therapy
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Modulated electron radiation therapy (MERT) has been proposed as a means of delivering confor-
mal dose to shallow tumors while sparing distal structures and surrounding tissues. Conventional
systems for electron beam collimation are labor and time intensive in their construction and are
therefore inadequate for use in the sequential delivery of multiple complex fields required by
MERT. This study investigates two proposed methods of electron beam collimation: the use of
existing photon multileaf collimators (MLC) in a helium atmosphere to reduce in-air electron
scatter, and a MLC specifically designed for electron beam collimation. Monte Carlo simulations of
a Varian Clinac 2100C were performed using the EGS4/BEAM system and dose calculations
performed with the MCDOSE code. Dose penumbras from fields collimated by photon MLCs both
with air and with helium at 6, 12, and 20 MeV at a range of SSDs from 70 to 90 cm were examined.
Significant improvements were observed for the helium based system. Simulations were also per-
formed on an electron specific MLC located at the level of the last scraper of a 25X25 cm?
applicator. A number of leaf materials, thicknesses, end shapes, and widths were simulated to
determine optimal construction parameters. The results demonstrated that tungsten leaves 15 mm
thick and 5 mm wide with unfocused ends would provide sufficient collimation for MERT fields. A
prototype electron MLC was constructed and comparisons between film measurements and simu-
lation demonstrate the validity of the Monte Carlo model. Further simulations of dose penumbras
demonstrate that such an electron MLC would provide improvements over the helium filled photon
MLC at all energies, and improvements in the 90—10 penumbra of 12% to 45% at 20 MeV and 6
MeV, respectively. These improvements were also seen in isodose curves when a complex field
shape was simulated. It is thus concluded that an MLC specific for electron beam collimation is

required for MERT. © 2000 American Association of Physicists in Medicine.
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Key words: modulated electron radiation therapy (MERT), IMRT, EGS4 Monte Carlo, multileaf

collimator (MLC)

I. INTRODUCTION

In recent years, intensity modulated radiation therapy
(IMRT) with photon beams has been used to deliver highly
conformal doses to target areas while sparing neighboring
tissues. However, because of the need for electron buildup,
photon fields provide low surface doses and are thus not well
suited to the treatment of shallow tumors. Additionally, due
to the highly penetrating nature of the photon beams, some
scenarios present an unavoidable accompanying risk to distal
structures during photon treatments. Therefore shallow tu-
mors are often treated with megavoltage electron beams. The
rapid depth-dose fall-off associated with electron beams al-
lows delivery of therapeutic doses to the target areas while
sparing distal tissues. This makes electron beam therapy
ideal for treatment of the head and neck and the chest wall.
However, presently electron beam techniques offer only lim-
ited conformity in the depth direction.

One proposed treatment modality that overcomes this
limitation 1is modulated electron radiation therapy
(MERT).I'7 In a MERT treatment, lateral dose conformity
and uniformity may be achieved by intensity modulation,
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while conformity in the depth direction may be improved
through use of different energies. This technique may be
extremely valuable for treatment of curved surfaces, such as
irradiation of the intact breast, shallow head and neck tu-
mours, and irradiation of targets located on the extremities.

However, before MERT can be used in a clinical setting,
a new system of electron beam collimation must be devel-
oped. The present system of lead alloy (Cerrobend) cutouts
and boluses are not practical for the rapid delivery of the
intensity distributions required in MERT. As with photon
IMRT, a multileaf collimator (MLC) may provide a solution
to the field shaping and intensity modulation problem. It has
been proposed that scanned beam systems, alone or in con-
junction with existing photon MLCs can provide adequate
collimation® In his work, Brahme further suggests that
“fourth-generator’’ clinical accelerators may be filled with
helium, thereby significantly reducing in-air electron scatter
and making the photon MLC a practical system for electron
beams. Indeed, a number of studies have been conducted
utilizing scanned beam systems (MM50, Scanditronix Medi-
cal AB, Uppsala, Sweden) in a clinical setting to improve

© 2000 Am. Assoc. Phys. Med. 2708
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dose distributions.> Jansson et al. have demonstrated that a
scattering foil accelerator (MM22, Scanditronix Medical AB,
Uppsala, Sweden) and its intrinsic MLC can be used to gen-
erate matched photon and electron fields to improve dose
distributions in breast cancer therapy.’

Despite these successes, the use of the photon MLC with
electrons has key limitations. Experimental work by Klein
et al. has shown that in a standard Varian Clinac 2100C
(Varian Oncology Systems, Palo Alto, CA), a source-to-
surface distance (SSD) of 70 cm is necessary to provide a
clinically acceptable field when using the photon MLC.!?
Indeed, beams collimated by a photon MLC were shown to
be inferior to applicator fields in penumbra and uniformity
and furthermore could not be adequately matched to photon
fields. Monte Carlo simulations by Karlsson et al. have
shown that for a 9 MeV beam from a Varian Clinac
2100C/D, a reduction of the 80-20 fluence penumbra from
18 mm to 11 mm could be achieved by replacing the treat-
ment head air with helium (including the use of a helium
filled balloon between the accelerator and patient) and/or
moving the MLC at least 11 cm towards the patient.® Thus,
this work focuses on developing an electron specific MLC
(eMLC) located at the same level as a Cerrobend cutout,
typically 40 cm or more closer to the patient than the photon
MLC. Such a system could have the additional benefit of
being backwards-compatible with existing accelerators and
also being more generally accessible than scanned beam sys-
tems. '

In order to have an eMLC system that may be used for
MERT, several issues must be considered. While any beam-
let distribution may be used during inverse planning, dose
conformity will improve if the field edges are sharpened. To
this end, it is desirable to have a system that provides the
smallest penumbra possible and be able to provide maximum
ability to resolve narrow fields. Furthermore, as with photon
IMRT, a larger number of monitor units must be delivered
relative to conventional treatments, and so both photon and
electron leakage must be reduced. It has been shown by Ma
et al. that if such a system is developed, intensity-modulated
electron fields may be delivered.’

This study utilizes a combination of Monte Carlo simula-
tions and film measurements to compare a helium/photon
MLC based system, an air/photon MLC based system, and
an electron specific MLC located near the phantom surface.
It has been demonstrated that traditional analytical dose cal-
culation algorithms, such as the 3D pencil beam'" are limited
in their use with small irregular electron fields,'*** and
therefore Monte Carlo simulations were chosen for treatment
head modeling and dose calculations. The EGS4/BEAM!®!6
and MCDOSE'” systems were employed to simulate differ-
ent MLC systems and calculate dose in homogeneous water
phantoms. These simulations allowed comparisons of the
proposed collimation systems. Recommendations with re-
gard to eMLC design and construction are also presented on
the basis of the Monte Carlo simulations.
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FiG. 1. Schematic of a Varian Clinac 2100C treatment head used in the
BEAM simulation. Also shown are the two collimation systems proposed
for electron beams.

Il. MATERIALS AND METHODS
A. Monte Carlo simulation of the photon MLC

Electron beam simulations of a Varian Clinac 2100C
(Varian Oncology Systems, Palo Alto, CA) were performed
using the EGS4/BEAM code.'>!® Vendor supplied geom-
etries were used in the component-wise simulation, and a
schematic of the simulation model is displayed in Fig. 1. The
simulation code and geometry employed have been previ-
ously shown to provide agreement with measured data of
better than 2% in transverse profiles and depth dose curves
for the three nominal energies simulated: 6, 12, and 20
MeV.!"® Phase space files were obtained below the photon
jaws. The photon jaws were set according to the manufac-
turer specifications for a 25X25 cm? applicator. These phase
space files were then used as the sources for simulating vari-
ous MLCs.

In the first set of simulations, the particles in the first
phase space were transported through a photon MLC open to
10X 10 cm? projected, the protective window and an appro-
priate thickness of air to the desired SSD. The photon MLC
in this study was an idealized MLC with tungsten leaves of
the same geometry as the Varian 52 leaf MLC (~7 cm thick,
~55 cm downstream of the target), with ends and sides al-
ways focused to the source regardless of leaf position (i.e.,
double focused). The MLC was set to project to an exact
10X 10 cm? field at the SSD of interest (measured here from
the photon target to the phantom surface). No attempt was
made to simulate the number and width of the leaves of any
existing accelerator. In all cases, interleaf leakage (i.e.,
tongue and groove effect) was ignored. Simulations were
performed beginning with the aforementioned phase space
source, through the photon MLC, the protective window, and
through an appropriate thickness of air to the SSD of interest.

For each energy, two phase space files were generated,
one in which the ambient atmosphere of the treatment head
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FiG. 2. Prototype electron MLC used for Monte Carlo simulations and film
measurements. The MLC consists of 30 pairs of manually set steel leaves,
and is designed to mount in the cutout position of a 25X25 cm? Varian
applicator.

was air (density=1.205X 107% gcm™?), and one in which it
was replaced with helium (density=1.663X10"% gcm™3). In
the case of helium filled accelerators, the atmosphere of the
air gap was also replaced with He, to simulated the use of
helium bags. The walls of the bag were not simulated, as it
was believed that ~0.01 cm Mylar would have a trivial im-
pact on dose distributions. In all cases, phase space files were
obtained at the SSD of interest (70, 75, 80, 85, 90 cm nomi-
nal SSD) and used for dose calculations. '

This and all subsequent Monte Carlo simulations were
performed on various elements of a suite of 22 Pentium Pro
(200 MHz) CPUs and 10 Pentium III CPUs (450 MHz), all
running EGS4, BEAM, and MCDOSE under the Linux op-
erating system. In general, simulations were performed in
parallel and the phase space files (or dose files) statistically
combined to give improved performance. All simulations
utilized an electron cutoff (ECUT) of 0.7 MeV total energy
and a photon cutoff of 10 keV, below which all remaining
energy was deposited on the spot. It has been documented
that an ECUT of 0.7 MeV, corresponding to a residual
continuous-slowing-down approximation range in water of
<0.5 mm, is sufficient for most dosimetric purposes.'®
PRESTA extensions were employed for step length
calculations.'® The number of initial electron histories ranged
from 150X 10° for 6 MeV to 50X 10 for 20 MeV.

Dose calculations were performed using the above gener-
ated phase space files using the EGS4/MCDOSE code.!” Ho-
mogeneous water phantoms were simulated with voxels 3
mm along the profiled axis, and 15 mm in the orthogonal
in-plane direction, and 2 mm along the direction in axis.
Statistical error was less than 1% (lo) in all dose calcula-
tions.

B. Electron MLC design considerations

1. Material and leaf thickness

A number of different prototypes for eMLCs were simu-
lated. First, under the assumption that a minimal distance
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TasLE I. Simulated penumbras of a 10X 10 cm? field collimated by different
MLC systems. The 6 MeV beam penumbra was calculated at 0.75 cm depth,
the 12 MeV beam at 2.0 cm, and the 20 MeV beam at 3.0 cm depth. The
ideal MLC is built out of 1.5 cm thick tungsten located at the level of the
last scraper, while the protoype MLC is 2.54 cm thick steel located 3.0 cm
above the last scraper.

Dose penumbra

Absolute Relative to
(mm) ideal eMLC
Energy Gas MLC SSD 80720 90/10  80/20  90/10

6 MeV air photon 70 18.5 30.7 228 233
75 239 38.7 2.95 293

80 290 46.7 358 3.54

85 332 523 410 396

90 376 60.0 464 455

He photon 80 17.3 27.6 214 209
85 19.8 325 244 246

90 223 35.1 2.75 2.66

air  ideal e- 100 8.1 132 1.00 1.00
air  proto. e- 100 12.0 19.3 1.48 1.46

12 MeV air photon 70 10.9 18.8 1.31 1.38
75 14.0 23.1 1.69 1.70

80 16.5 26.0 1.99 1.91

85 19.0 303 229 223

90 220 35.0 2.65 2.57

He photon 80 11.3 18.6 1.36 1.37
85 12.7 20.5 1.53 1.51

90 13.9 22.8 1.67 1.68

air ideal e- 100 - 83 13.6 1.00 1.00
air  proto. e- 100 9.8 17.1 1.18 1.26

20 MeV air photon 70 10.5 17.4 1.21 1.20
75 117 18.9 1.34 1.30

80 13.1 223 1.51 1.54

85 142 23.1 163 159

90 16.0 263 1.84 1.81

He photon 80 10.0 16.5 115 1.14
85 10.7 17.5 1.23 1.21

90 113 8.6 1.30 1.28

air ideal e- 100 8.7 14.5 1.00 1.00
air  proto.e- 100 10.3 18.4 1.18 1.27

between the MLC and the treatment surface was optimal,g'l2
simulations were performed with the MLCs completely re-
placing the last scraper of a 25X 25 cm? applicator (i.e., with
the back surface at approximately 95 cm from the photon
target). Different materials and thicknesses were simulated,
and phase space files obtained immediately at the back sur-
face of the MLC. A total of five construction materials were
considered in this investigation: zinc (density=7.14 gcm ™),
steel (8.06 gcm™), copper (8.93 gem™3), lead (11.34
gem™?), and tungsten (19.30 gem™®). The copper, zinc,
lead, and tungsten MLCs were limited to 1.5 cm in thickness,
and the steel MLC was 2.0 cm in thickness. Analysis of
phase space fluence and energy spectra was performed using
the BEAMDP software.?’ Based on fluence leakage profiles,
1.5 cm tungsten was selected as the optimal leaf thickness
and material and used in the following sections.

2. Leaf width

Simulations were performed to examine the optimal leaf
width. The overall width of the MLC and the number of
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leaves and their positions were adjusted so that a single leaf
of varying width was inserted in the first off-axis position of
a 20X20 cm? field. Electron beams of 6 and 20 MeV elec-
tron beam were simulated through this collimator and the
resulting phase space files were used for a dose calculation.
The geometry for the dose calculation utilized 2X40X2 mm?
in the region from x=—3 cm to 3 cm, and 5X40X2 mm? in
the remaining in-field region. Additionally, the same single
leaf simulation was performed for a photon MLC based on
the dimensions of the intrinsic MLC in the Varian Clinac
2100C.

3. Leaf end shape

Additional BEAM simulations were performed to exam-
ine the effect of leaf shape of the eMLC. Two simulations
were performed at each of two energies, 6 and 20 MeV. In
one case, the leaf ends and sides were focused to the photon
target, and in the second case, the ends and sides of the 1.5
cm thick tungsten leaves were parallel to the beam axis. The

. phase space at 100 cm SSD was analyzed using BEAMDP
and used for dose calculations.

C. Prototype electron MLC

Based on the results of the theoretical study, a prototype
of an eMLC was designed and built. A view of the prototype
eMLC is shown in Fig. 2, and the design information is
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(a) 6 MeV at 0.75 cm, (b) 12 MeV at 2.0 cm, (c) 20 MeV at 3.0 cm depth.
In all cases, the statistical error was less than 1.0%.

summarized here. The MLC comprised two sets of 30 leaves,
each leaf 2.54 cm (1”) in thickness and 0.48 cm (3/16") in
width. Both ends and sides were designed to be parallel with
the beam axis, i.e., unfocused. Leaf positions could be set
manually and allowed a maximum opening of 14.2X15.9
cm? with complete leaf over run allowed. The MLC was
designed to fit into the cutout mounting frame in the last
scraper of a 25X25 cm? applicator from a Varian Clinac
2100C linear accelerator.

The geometry of this prototype was simulated using the
EGS4/BEAM simulation package and phase space files were
obtained for a representative set of leaf positions shown in
Fig. 11(d). A dose calculation was then performed using
MCDOSE on a homogeneous water phantom composed of
3x3X2 mm?® voxels.

The MLC was then installed onto the treatment head and
film (Kodak X-omat V, Eastman Kodak Company, Roches-
ter, NY) measurements were taken at the surface and at 2 cm
depth in solid water. Measurements were taken at energies of
6, 12, 20 MeV at an SSD of 100 cm. The film was scanned
using a Vidar scanning system and the RIT315 software
package (Radiological Imaging Technology, Colorado
Springs, CO) was then used to generate isodose distributions
for comparison with the simulated dose results.
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Additionally, a BEAM simulation and dose calculation
were performed with the photon MLC in a helium atmo-
sphere using these same leaf positions (projected).

lll. RESULTS AND DISCUSSION
A. Electron beams collimated with the photon MLC

Collimation of electron beams with a photon MLC was
simulated by using the standard BEAM component module
for the MLC, and the resulting phase space files used to
calculate dose in a homogeneous water phantom. The 8§0-20
and 90-10 penumbras, defined by the lateral distance be-
tween isodose curves along the major axes, were computed
and are displayed in Table 1. As expected, at all energies,
there is a substantial difference in the penumbra width be-
tween the helium gas systems and the normal air-filled treat-
ment heads. For a 6 MeV beam at 80 cm SSD and a depth of
0.75 cm, the improvement in the 90-10 penumbra was
40.9%. However, as a consequence of reduced in-air scatter
of high energy electrons, the effect was much less pro-
nounced at higher energies: for a 20 MeV beam at 3.0 cm
depth and 80 cm SSD, the 90-10 penumbra was reduced by
26.0%. Similar results in both beam penumbra reduction and
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energy dependence are seen for the 80—-20 penumbras. Rep-

“resentative profiles at 80 cm SSD are shown in Fig. 3. The

changes in 90—10 penumbras can be seen in Fig. 4.

B. Design considerations for an electron MLC

In order to compare the photon MLC and the eMLC, it
was necessary to develop a model of an ideal eMLC. Three
key design parameters were investigated:

@) leaf material and thickness;
(ii)  leaf width;
(iii) leaf end shape (focusing).

The effect of these parameters on dose distributions and elec-
tron and photon transmission were examined through Monte
Carlo simulations of the treatment head and MLC and dose
distributions calculated in homogeneous water phantoms.

1. Leaf material and thickness

Preliminary studies were performed in which 20 MeV
electrons were simulated through the treatment head and a
25%25 cm? applicator, and incident upon proposed eMLC
designs. The primary concern was leakage: though the leaves
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FIG. 5. Monte Carlo simulated fluence for electrons and photons for a 20
MeV electron field. Photon and electron leakage at a point 3 cm outside the
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themselves were thick enough to stop direct passage of all
electrons, there was a concern regarding production of
bremsstrahlung and secondary electrons, especially with re-
gard to electrons interacting in the leaf ends and adding a
contaminant dose in the penumbral region. To study this ef-
fect, the eMLC was set to define a 10X 10 cm? field within
the 25X25 cm? applicator and the electron and photon flu-
ence studied using the BEAM system. _ '

The electron leakage, scored 3 cm outside of the 10X10
cm? field, is shown in Fig. 5. The 1.5 cm thick tungsten MLC
exhibited a background electron leakage of 1.5% of the cen-
tral axis fluence, while both the steel and copper models
exhibited greater than 2.0% leakage. Additionally, by exam-
ining the profiles at the field edge, it was observed that tung-
sten leaves resulted in a steeper drop at the field edge, cor-
responding to a reduction in the passage of large angle
electrons through the leaf ends. While increasing the tung-
sten leaf thickness to 2.0 cm reduces background electron
fluence to less than 1% of the central axis fluence, this mod-
est improvement may not sufficiently offset the added weight
and the associated cost.

The production of bremsstrahlung photons by the interac-
tion of high energy electrons in the leaves was also consid-
ered. As seen in Fig. 5, as expected on the basis of the
material bremsstrahlung production cross sections, tungsten
again exhibits the best fluence profile, presenting less than
half the photon leakage of the copper or steel MLCs. The
conjecture that both photon and electron leakage is almost
entirely due to bremsstrahlung and not direct leakage was
supported by the use of the BEAM code *‘latch bit’’ settings
to track particle interactions, as seen in Fig. 6. As expected,
1.5 cm tungsten is sufficient to stop most incident photons,
and these direct photons account for only 15% of the total
leakage. Also, in Fig. 7 it can be seen that the energy of the
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The fluence was scored at the back surface of the eMLC.

photons escaping the tungsten leaves is higher than that of
the photons from the copper or steel leaves (5.3 MeV versus
4.3 MeV). The ordering of the energies is as expected based
on the ordering of the effective atomic numbers of the ma-
terials. However, even though the photons are more ener-
getic, the overall photon energy fluence from the tungsten
leaves remains significantly below that of the other materials.
Furthermore, contaminant photon dose generally scales with
the cube of the incident electron energy.?' As this simulation
was performed with an initial electron energy of 20 MeV, it
is expected that this photon dose effect will rapidly become
trivial as the energy is reduced. Based on this information,
the 1.5 cm thick tungsten leaf design was chosen as the
model of what we hereafter refer to as the *‘ideal”” eMLC.

2. Leaf width

Further Monte Carlo studies were performed to analyze
the leaf width that provides the highest degree of resolution
while optimizing the number of leaves so as to reduce inter-
leaf leakage, mechanical complexity, and cost. A simulation
was performed with a single leaf inserted into a 20X20 cm?
field. The dose profile at d,,,, was examined and the mini-
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mum of the resulting dose ‘‘valley’’ was considered. As seen
in Fig. 8 and Table II, the dose reduction as a function of leaf
width can be well approximated by a decaying exponential.
Using the ‘‘worst-case scenario,”’ an energy of 6 MeV, it
was found that a leaf width of 8.8 mm projected to 100 cm
SSD, or 8.6 mm at the level of the MLC, would produce a
dose reduction of 50%. As expected, the leaf width corre-
sponding to a 50% reduction for the high energy 20 MeV
beam was much smaller, and a dose reduction of 50% could
be achieved by a leaf width of 4.9 mm projected, or 4.8 mm
at the MLC. .

Additionally, the full width of the region where the dose
was less than 50% and the full width of the region where the
dose was less than 75% are displayed in Table II. At 20

100
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FiG. 8. Dose reduction as a function of leaf width. A Monte Carlo simula-
tion was performed in which a single leaf was inserted a 20X20 cm? field
and dose profiles computed. The plotted points represented the dose mini-
mum as a percentage of background dose for various leaf widths. The two
solid points represent the leaves of the intrinsic MLC of a Varian Clinac
2100C at 6 and 20 MeV at 80 cm SSD.
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TaBLE II. Achievable resolution for a (a) 6 MeV field at d,,, . Parameters
from simulated single leaf dose profiles at d\,, . A single leaf of a given
width was entered into a 20X20 cm? 6 MeV field generated by an idealized
electron MLC. (b) Achievable resolution for a 20 MeV field at d,,.
* indicates that this dose was not passed, i.e., the dose reduction from a
single leaf was less than 50% of the background dose.

Width at % background dose

Projected width at SSD Dose at minimum  75% dose 50% dose
(cm) (% background) (cm) (cm)
(a) 6 MeV
0.50 70.0 0.77 *
0.75 557 1.49 *
1.00 44.8 1.88 0.60
1.25 345 2.08 1.16
1.50 27.3 248 1.45
1.75 19.9 2.81 1.81
2.00 15.7 3.02 2.04
Varian MLC 0.80 c¢m at 71.0 1.11 *
80 cm SSD (with He)
(b) 20 MeV
0.50 48.6 0.87 0.08
0.75 345 1.22 0.67
1.00 23.1 1.50 0.96
1.25 16.5 1.75 1.19
1.50 12.8 2.05 1.52
1.75 . 10.5 231 1.79
2.00 89 2.54 2.04
Varian MLC 0.80 cm at 40.3 1.44 0.67

80 cm SSD (with He)

MeV, it is seen that at an eMLC leaf width of 1 cm, the 50%

full width is approximately equal to the leaf width. A similar

trend is noted beyond the 1.25 c¢m leaf width at 6 MeV.

Based on these findings, we conclude that a leaf width of
less than 10 mm at 100 cm SSD is not useful for defining the
shape of a low energy field, and leaves of less than 5 mm are
not useful for defining the field shape at any energies. In
order to provide maximum utility at both high and low en-
ergies, a 5 mm leaf width was chosen as the ideal leaf width
for the eMLC. Individual leaves can then be used at high
energies to provide maximum resolution, while multiple
leaves may be moved together to define fields at lower ener-
gies.

For comparison, identical simulations were performed to
simulate the leaves of a Varian 52-leaf multileaf collimator,
with a leaf width projected at isocenter of 10 mm, using a
helium filled accelerator (and air gap) at 80 cm nominal
SSD. The results are also shown in Fig. 8 and Table II. It can
be seen in Fig. 8 that at 20 MeV, the eMLC and photon MLC
the difference in dose reduction for a projected leaf width of
8 mm is only 5%. However, at 6 MeV, a significant differ-
ence can be observed between the eMLC and Varian ML.C
systems, and it can be seen that for a given projected leaf
width, the eMLC provides a superior level of resolution.

3. Leaf end shape

In contrast with observed results regarding photon MLC
leaf shapes, simulations performed in this study demon-
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strated that focused leaf ends did not provide any benefit at
all at either high or low energies. Indeed, unfocused leaf ends
provided a ‘“‘horn’” effect at the edge of the fields which
actually improved beam penumbras, as seen in Fig. 9. This
eliminates the additional complexity required focusing, as
well as the issue of choosing a focal point that would be
useful for a range of electron energies.

C. Prototype electron MLC: Measurements and Monte
Carlo simulations

Based on previous experiences, it was believed that
Monte Carlo calculations could accurately calculate the dose
distributions from the MLC, and that the Monte Carlo
method could be used for MERT calculations. However, it
was necessary to demonstrate that the Monte Carlo method
remains valid for the more complex geometry of the eMLC.
Monte Carlo simulations were used to generate isodose
curves for fields collimated by the prototype eMLC and com-
pared with film measurements taken using the actual proto-
type installed on an accelerator located at the Stanford Uni-
versity Medical Center. Isodose curves for the measured and
Monte Carlo 20 MeV fields normalized to the in-plane maxi-
mum at 3 cm depth in solid water are displayed in Fig. 10.
The agreement between the measured and simulated data is
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excellent at all energies, with deviations falling within 2 mm
at 3 cm depth for 12 and 20 MeV and 1.5 cm depth for 6
MeV. It is therefore concluded that the Monte Carlo method
is capable of simulating the isodose distribution from an
eMLC in homogeneous media.

D. Comparison of electron MLC and photon MLC

Having established a computer model of the eMLC and
verified the validity of the model using film measurements
and a prototype eMLC, it was possible to compare the dose
distributions from the eMLC and the photon MLC.

1. Penumbra comparison

Calculations were performed to compare the dose penum-
bras from 10X10 cm? fields collimated by the eMLC to
those from the photon MLC. As shown in Table I and Figs.
4 and 5, even when compared to a photon MLC in the pres-
ence of helium, using the ideal eMLC results in reductions in
the 10X 10 cm? 90-10 penumbra ranging from 12.1% at 20
MeV to as much as 44.6% at 6 MeV. However, the absolute
change from 20 MeV was only 2 mm. Extrapolating from the
existing data points, one can calculate the SSD required for
the penumbra from the photon MLC to match the eMLC, as
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FiG. 10. Isodose curves for an arbitrary leaf pattern at 20 MeV, normalized
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beam direction (beam eye view). The curves represent the 90%, 80%, 60%,
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shown in Table III. It was determined that the required SSDs
to match at 90-10 for 6, 12, and 20 MeV are, respectively,
65.5, 68.0, 69.8 cm. In a standard air atmosphere, the re-
quired SSDs are all less than 65 cm, which is clearly un-
achievable in any practical system. However, it was observed
that at 80 cm SSD in the presence of helium, the photon
MLC provided a sharper penumbra than the prototype eMLC
at 20 MeV. Extrapolating from the helium penumbra data, it
can be seen that at 6, 12, and 20 MeV, the required SSD to
match the prototype eMLC are 68.5, 76.6, and 89.3 cm.
When comparing the photon and eMLC, it is crucial to
note the difference in leakage dose. From Figs. 3(a), 3(b),
and 3(c), it can be seen that at 6 and 12 MeV, the two MLCs
provide comparable background doses, with the difference at
12 MeV representing less than 1% of the central axis dose.

TaBLE I1I. SSDs required for a photon MLC to match the ideal electron
MLC and the prototype electron MLC. These calculations are based on a
linear interpolation of the penumbra data shown in Table 1 and Fig. 4.

SSD required for photon MLC to match
electron MLC penumbras (cm)

Air Helium

Energy (MeV) eMLC 80720 90/10 80/20 90/10

6 ideal 59 58 61 61
prototype 63 62 69 69

12 ideal 65 64 68 68
prototype 68 68 74 77

20 ideal 64 64 70 70
prototype 70 73 82 89
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FiG. 11. Profiles obtained for 2X2 cm? fields defined by Cerrobend cutouts
and by the electron MLC. (a) 20 MeV at 4 cm depth, (b) 6 MeV at | cm
depth.

However, at 20 MeV, the leakage from the significantly thin-
ner eMLC is more than twice that from the photon MLC
(approximately 2%). This leakage dose still compares favor-
ably to the 5% leakage seen at 20 MeV with 1.5 cm of
Cerrobend cutout mounted in the 25X25 cm? scraper. How-
ever, it is imperative that any MERT treatment planning sys-
tem using an eMLC account for this leakage dose and reduce
the number of monitor units to be delivered.

For comparison with a well-understood system, simula-
tions of a 2X2 cm? field defined by the ideal eMLC were
performed and the dose distributions compared with mea-
sured profiles for a 2X2 cm? Cerrobend field in a 6X6 cm?
applicator. Because the collimators are positioned identically
with respect to the phantom surface, the penumbras were
identical, as seen in Fig. 11. The leakage at 6 MeV was
negligible in both the cutout and the eMLC, while the leak-
age at 20 MeV was greater in the case of the cutout. The
same result was found for other field sizes, and similarly,
using the photon MLC to define electron fields compares
equally unfavorably with both cutouts and the electron spe-
cific MLC.
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2. Isodose curve comparison

In Fig. 12, the Monte Carlo simulated isodose curves
for an electron field collimated by an idealized eMLC and an
equivalent field collimated by a photon MLC with He are
shown. The original leaf pattern is displayed in Fig. 12(d). In
all cases, the fields were normalized such that the 90%
isodose curves coincided for the open field portion (y
=—1.0cm), effectively ‘‘prescribing dose to an isodose
curve.”’ In all cases, the penumbras differed according to the
trends described earlier: in particular, when 90% isodose
curves are matched, the photon MLC collimated field exhib-
ited 30% and 70% dose regions that were uniformly larger
than those from the eMLC. More significant, however, is the
ability to resolve narrow fields. In particular, focusing on the
upper right portion of the fields, as displayed, it can be seen
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that at both 6 and 12 MeV, the photon MLC is unable to
fully resolve either the partially closed leaves or the open
leaves at upper-right most corner. A much smaller but visible
effect is observed at 20 MeV.

Based on these results, it is therefore concluded that at all
energies, the eMLC is more faithful to the original leaf pat-
tern than the photon MLC. However, as predicted by the leaf
width simulations, even with the eMLC, leaf widths of less
than 1 cm do not result in any appreciable improvement in’
resolution, especially at low energies.

Simulations were also performed with the photon MLC in
air, and with the prototype eMLC. In all cases, the photon
MLC in air performed worse in terms of resolution and pen-
umbra when compared to the helium MLC, and likewise
with the prototype when compared to the idealized eMLC.
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IV. CONCLUSIONS

It has been demonstrated through the use of Monte Carlo
simulations that the in-air scattering of the electron beam
makes the photon MLC a poor choice for generating com-
plex shapes needed for intensity modulated electron therapy.
This is partially ameliorated by filling the treatment head
with helium and placing a helium filled balloon between the
patient surface and the treatment head. Indeed, for such a
system, at 12 and 20 MeV at an SSD of 80 cm, the isodose
curves are within 3 mm of the equivalent eMLC field. If
accurate commissioning data is available for these helium-
filled accelerator and accurate dose calculation algorithms
are employed, it is believed that highly accurate MERT plans
can be delivered and the quality of treatment will not differ
significantly from an eMLC delivered plan. However, at 6
MeV the isodose curves are no longer comparable, and add-
ing helium to the beam axis atmosphere does not improve
the situation.

An electron specific multileaf collimator placed at the cut-
out level of an electron applicator was then studied. Monte
Carlo simulations were used to investigate construction and
design considerations and on the basis of these simulations,
it was concluded that an eMLC constructed of tungsten
leaves of 15 mm thickness and 5 mm width, would be mini-
mally sufficient for use in intensity modulated electron beam
therapy. This MLC would optimally be part of a specially
designed electron applicator, although experiments have in-
dicated that an MLC designed as an applicator accessory also
provides significant improvement in dose penumbras. and
field resolution when compared to the photon MLC. Addi-
tionally, it has been demonstrated that Monte Carlo simula-
tions provide an accurate means of calculating dose distribu-
tions from such a collimation system.
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A hybrid approach for commissioning electron beam Monte Carlo treatment planning systems has
been studied. The approach is based on the assumption that accelerators of the same type have very
similar electron beam characteristics and the major difference comes from the on-site tuning of the
electron incident energy at the exit window. For one type of accelerator, a reference machine can be
selected and simulated with the Monte Carlo method. A multiple source model can be built on the
full Monte Carlo simulation of the reference beam. When commissioning electron beams from
other accelerators of the same type, the energy spectra in the source model are tuned to match the
measured dose distributions. A Varian Clinac 2100C accelerator was chosen as the reference
machine and a four-source beam model was established based on the Monte Carlo simulations. This
simplified beam model can be used to generate Monte Carlo dose distributions accurately (within
2%/2 mm compared to those calculated with full phase space data) for electron beams from the
reference machine with various nominal energies, applicator sizes, and SSDs. Three electron beams
were commissioned by adjusting the energy spectra in the source model. The dose distributions
calculated with the adjusted source model were compared with the dose distributions calculated
using the phase space data for these beams. The agreement is within 1% in most of cases and 2%
in all situations. This preliminary study has shown the capability of the commissioning approach for
handling large variation in the electron incident energy. The possibility of making the approach
more versatile is also discussed. © 2000 American Association of Physicists in
Medicine.[S0094-2405(00)03401-5]

Key words: electron beam, treatment planning, Monte Carlo simulation, beam commissioning,

source modeling

I. INTRODUCTION

Electron beam radiation therapy is used extensively to treat
head and neck cancers to avoid the irradiation of the spinal
cord, and to treat chest walls to limit the irradiated volume of
lung. The currently available commercial systems for elec-
tron treatment planning mostly utilize the Hogstrom algo-
rithm as the dose calculation engine,! which is based on
Fermi-Eyges theory.z'3 Due to the inappropriate treatment of
electron transport in inhomogeneous phantoms, large dis-
crepancies (10% or more) in the dose distributions have been
observed between the current analytical algorithms and mea-
surements or Monte Carlo simulations in some clinical situ-
ations where the treatment volumes encompass air cavities
and bone.*7 Accurate dose calculation is an important factor
for the widespread clinical use of electron therapy and the
development of new electron therapy techniques, such as
electron beam or mixed electron/photon beam intensity
modulated therapy, which are expected to improve the con-
formality of the delivered dose distribution to the target vol-
ume for some disease sites.81?

The Monte Carlo method is generally considered to 